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Abstract
Selection of a standby generation technology is dependant upon a number of factors,
not least of which is cost. This dissertation focuses on a comparison of technologies
for selection of standby generation in a commercial medical facility. Located in
Brisbane, Australia, The Transitional Research Institute (TRI) building will require
large amounts of reliable power. A number of options were reviewed in two different
scales, 60kW, and 1000kW.
Conventional technologies reviewed as part of this report include:- diesel generator,
gas reciprocating engine, gas turbine, gas microturbine and battery storage systems.
Fuel cell technologies reviewed include: - proton exchange membrane, phosphoric
acid, molten carbonate and solid oxide.
A non-financial and financial comparison of the technologies was undertaken with
the outcome being fuel cells are suitable for certain applications in the 60kW range,
where they can replace large battery storage systems. However, they suffer from long
start up times, and therefore are better suited for distributed generation with CHP.
The conventional technology most likely chosen for the 1000kW application would
either be a diesel or gas driven generator set, based upon cost and technology
maturity.
Fuel cells are an alternative technology for power generation that can be suited for a
number of applications; however, for the TRI project, fuel cells are not appropriate
due to the high capital cost involved.- iv -
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1 Introduction
“ It has become appallingly obvious that our technology
 has exceeded our humanity”
- Albert Einstein
Renewable energy sources such as solar, wind, hydro, geothermal and tidal can offset
greenhouse gas emissions for electrical energy generation, but do not store or
transport energy the same way that fossil fuels do. Hydrogen is a clean medium that
can potentially replace fossil fuels as a storage and transportation medium for energy.
The most efficient way known to convert that energy to electricity is by utilising the
developing Fuel Cell Technologies.
The bones of a commercial building are held together with energy hungry building
services: Electrical, Mechanical, Hydraulic etc. Without the energy to run these
services, the building shuts down; however shutting down all services is not an
option for many buildings. Where it is critical that the building maintains power,
such as hospitals, communications centres and military bases, backup (or standby)
power generators have long since been a staple part of the installation. This report
discusses the generator options for standby power, the future direction of energy
sources when the grid fails, and the part that modern fuel cells can play in
commercial building applications.
In past decades there has been little or no regard to the way buildings consume
energy, driven in part by low energy prices and lack of foresight. The global climate
change crisis has brought commercial energy usage into the forefront of the debate,
and sustainable building design is now institutionalised in many countries. Fuel Cells
are seen as a sustainable option for electricity and heat generation and are already in
use in many places around the world.- 2 -
The basis of this dissertation will be to review a number of standby power options for
commercial buildings, assess the positives and negatives of each option then
critically rank each in terms of suitability, flexibility and cost.
The question posed is:
“ Are Fuel Cells the right technology for standby power
in the commercial building sector?”- 3 -
2 Standby Generation
When the power goes out, a candle and a box of matches may suffice for many home
owners, but this cheap reliable form of standby power is not going to keep people
alive in hospitals, or allow your phone to work to call home or call the emergency
services. Standby, or backup power in today’ s world is a necessity for almost all
consumers of electricity. Even in the domestic home there are batteries in smoke
detectors, uninterruptable power supplies (UPS) for computers and even the humble
land line telephone runs off backup power from the local telephone exchange. In
commercial building, such systems are required by law for the safety of persons. This
section will discuss the requirements of standby power in a commercial building.
2.1 Grid Reliability
Urban dwellers in Australia take the accessibility of grid connected power for
granted. When there is a disruption to power, the electricity distribution companies
are generally quick to rectify the problem. Looking at the example of the South East
of Queensland, grid reliability in urban areas is generally very good. The System
Average Interruption Duration Index (SAIDI) or blackout time for households and
businesses for the 2007/8 financial year was only 85 minutes, and the System
Average Interruption Frequency Index (SAIFI) was only 1.05, as can be seen in
Figure 1.- 4 -
Figure 1 - Grid Reliability for Brisbane
[1]
These figures show good network performance, considering the increasing high
demand on the network infrastructure and other natural factors such as:- high rainfall,
rapid vegetation growth, high temperatures, salt spray damage to equipment and
summer storms. By having legislation and policy in place to help maintain this
reliability is a key foundation stone to reliable grid electricity supply. However,
electricity distribution companies realise that this is a fragile situation, and it has been
seen in recent history that grid-connected electricity can easily be taken away for
extended periods of time, even in urban situation.
Extreme weather events in Australia are by far and away the highest cause of
unplanned blackouts. These events are not confined to the remote storm-prone
regions of the country either. January 2007 saw bushfires cause disruption to more
than 200,000 homes in Victoria, where “ office air-conditioning systems shut off…
when temperatures had hit peaks of 40C.
[2]”  Every year, Australian capitals are hit- 5 -
with fierce summer storms that cause extended blackouts where reliance upon
standby generation is a must.
Grid-connected centralised power has been the staple for many decades in developed
nations, however, with increasing growth and strain on existing infrastructure and
developing nations struggling to keep up supply to their population, options need to
be explained.
2.2 Standby Equipment for Distributed Generation
Distributed generation is a term referring to “ energy generation systems that are
connected to the distribution grid or energy supply systems that displace the load on
the grid
[4]” ; typically to multiple feed points into a network. It is also the network
model for introduction of alternative energy sources such as solar PV, mini hydro-
electric, bio-energy, and small wind energy systems.
Electricity network companies are employing this concept as a way to manage peak
demand on the network and by investing in distributed generation agreements with
customers. In this way, network distribution infrastructure upgrades can be postponed
or made superfluous. In the case of conventional standby power generators such as
diesel or gas, the equipment can be controlled by the network company, and brought
on line to either limit or remove the local industries’  demand on the network in times
of peak demand.
Large standby generators, such as those used in hospitals can also be used by the
electricity network to support the electricity grid when the need arises. In the UK for
example, some 2 GW of diesels are routinely used to support the National Grid,
whose peak load is about 60 GW
[5]. In the case of diesel generators, this can be as- 6 -
quickly as two minutes. In comparison, a base load power station can take up to 12
hours to come online.
Another benefit in the case of diesel generator sets for distributed generation is the
regular requirement for standby testing. Typically generators are tested ‘ on load’
once a month, which wastes fuel. If the ‘ test’  can be done whilst supporting the
network, then this fuel does not go to waste which is beneficial for both parties.
2.3 Essential, Critical & Backup Services
Historically the main reason for the installation of standby generation is to do with
maintaining essential services. Essential services maintain a building such that
occupants are able to safely escape in case of a fire or other emergency. Such systems
include: emergency lighting and exit signs, fire detection, information and alarm
systems, fire extinguishing systems such as sprinklers, smoke control systems,
control of mechanical ventilation and emergency services communications. The main
purpose of essential services is to preserve life in the case of an emergency.
There are also critical (or very essential) services and processes which are required
beyond those mentioned as essential services. Examples of a critical service in a
hospital would be life support systems, which typically have their own UPS (battery
backup) system locally attached.
Some processes require standby power for critical processes, where loss of power, or
loss of quality power, can mean significant cost to equipment or revenue, as well as
potential safety. Communication and data loss can be seen as a critical process, where
every minute delay can cost significant revenue, or loss of services on a railway, or
loss of banking records.- 7 -
Current trends for buildings point to more essential, critical and standby services
being required, even for residential and commercial buildings. The Property Council
of Australia (PCA) provides guidelines for standby generation levels as shown in
Table 1 below. This trend favours the distributed power model, with diminishing
reliance upon the electricity grid.
Property Council of Australia
Office Quality Grade Matrix
Standby Power - Base Building
PARAMETER PREMIUM A GRADE
Description A landmark office building
located in major CBD office
markets which is a pace setter
in establishing rents
High quality space
with quality
presentation and
maintenance
Emergency Services
(other than lifts)
100% 100%
House Lights & Power 100% 50%
Tenant Supplementary
Loop
100%
Lifts 50% 1 lift per rise
Tenant Lights & Power 50%
Chillers 50%
Table 1 - Comparison of Requirements for Premium & A Grade Buildings
[6]- 8 -
3 Conventional Standby Technologies
Within the context of conventional standby generation for buildings, a number of
micropower applications will be discussed. Micropower is defined as microturbines,
fuel cells and reciprocating engines under 1 MW
[7].
3.1 Diesel Engine Generating Set
A diesel generator is comprised of a diesel engine linked to an electrical generator
producing alternating current, termed an alternator. They are the most common
electricity generator used for off-grid applications, as well as for standby power
applications.
The first internal combustion engine (ICE) was built in Germany in 1889 by Gottlieb
Daimler and Wilhelm Maybach and powered by a 1.5 hp, two-cylinder gasoline
engine. It could achieve a remarkable 10 mph, which was able to compete with a
horse drawn cart, a great effort at the time. The diesel engine was first demonstrated
in 1900 by Rudolf Diesel, who had been working on inventing a more efficient heat
engine than the internal combustion engine
[7].
The main difference between Diesel’ s engine and the Otto Cycle used for the ICE is
that it uses a higher compression of the fuel which ignites the fuel rather than using a
spark plug. By increasing the compression ratio in the engine cylinder to between 15
and 20, the efficiency of the engine also increased, as well reducing the complexity
by removing the electrical ignition system. Cooling is commonly achieved by
circulating engine jacket water which is then air cooled using a radiator and fan
[8].- 9 -
In a standby application with automatic control, the generator is set up in islanding
mode. Grid power is monitored by the generator controls and when failure occurs,
the generator is started automatically. Switching occurs using an automatic transfer
switch (ATS) in the electrical distribution board to ensure that the generator is only
supplying its standby requirements.
Figure 2 - Diesel Generator Set
[9]
Advantages of using diesel generator sets for standby applications include:-
- Low capital costs.
- Ability to accommodate low grade fuels, including bio diesels and crude oils.
- Tried and proven technology for over 100 years.
- Suited for continuous running for many hours.
Disadvantages include:-
- High emissions including NOx SOx and CO2.
- High maintenance costs per MWh produced.
- Storage of fuels on site requires large storage tanks which are
environmentally unfriendly.
- Large diesel engines are very loud when operating, even with acoustic
shielding. In a remote location this is not such an issue, however when placed- 10 -
inside a commercial or residential building, acoustic screening can add
significantly to the cost. Typical noise values of acoustically un-screened
generating sets can be as high as 85-90 dB(A). (At a distance of 7m for a
1000kW generating set
[9]).
- Because of the higher compression ratios, diesel generators tend to be
heavier than an equivalent ICE.
- Therefore, they are also more expensive than ICEs of similar capacity due to
the amount of metal enclosing the cylinders.
3.2 Gas Reciprocating Engine Generating Set
Gas reciprocating engines can either be an internal combustion engine or a modified
diesel engine, the reciprocating term broadly meaning the ‘ push and pull’  movement
of the piston inside the cylinder.
The operation of the generating set is similar to the diesel generator as described in
the previous section. The main difference between the two systems is the fuel. On
site storage of compressed natural gas is expensive and requires large storage areas,
b u t  c a n  b e  r e d u c e d  i n  s i z e  w h e r e  t h e r e  a r e  g a s  m a i n s  a v a i l a b l e  f r o m  a  u t i l i t y .
Compressed natural gas is the most commonly available gas, although other sources,
such as biogas are also a suitable fuel.
Being composed mainly of methane (CH4), the main combustion products are carbon
dioxide (CO2) and water vapour (H2O)
[10].
CH4[g] + 2O2[g] => CO2[g] + 2H2O[l] + 891 kJ (heat)- 11 -
Other fossil fuels such as coal and oil are composed of higher chain hydrocarbons
and other complex molecules that contain higher carbon ratios and higher nitrogen
and sulphur contents. Even though the composition of NG varies between regions, it
does not vary significantly. The typical Australian NG composition can be seen in
Table 2 below.
Fuel Gas Composition % Vol
Methane (CH4) 92.79
Ethane (C2H6) 4.16
Propane (C3H8) 0.84
N-Butane (C4H10) 0.18
N-Pentane (C5H12) 0.04
Hexane (C6H14) 0.04
Carbon Dioxide (CO2) 0.44
Hydrogen Sulfide (H2S) 0.0001
Nitrogen (N2) 1.51
Table 2 - Australian Natural Gas Composition
[11]
Figure 3 Large Gas Generator Set
[12]
Advantages of using a reciprocating gas engine include
[13]:-
- Better heat rate at lower capacities than microturbines. Heat Rate is used in
the energy industry to calculate how efficiently a generator uses heat energy.
It is expressed as the amount of heat energy required (in BTUs) to produce a
kWh of electrical energy and is a measure of efficiency.- 12 -
- Similar to diesel engines, there are many different incremental capacities
available, which mean that generators can be matched better to the load and
run at higher efficiencies.
- Due to the versatility of the engine, pre-treatment of fuels is simple.
- With the development of the ICE occurring over a century ago, this
technology is tried and proven.
- Lowest capital cost of standby sources for the commercial building scale.
Some of the disadvantages in using standby gas reciprocating engines include:-
- Due to the complexity of the ignition system and the number of moving
parts, reciprocating engines require higher maintenance costs per MWh than
other technologies.
- Compared to other generation sources, with the exception of diesel, the
reciprocating engine generates a high amount of noise.
3.3 Gas Turbine
The origins of the gas turbine stretch back centuries, steam being used to turn shafts
for various applications. The first true gas turbine was patented by John Barber, an
Englishman in 1791, using his turbine to move a carriage. In 1872 George Brayton
later described the thermodynamic cycle that the engine abides by, now known as
The Brayton Cycle
[14].
The principle of the heat engine is that it converts heated compressed gas into
mechanical work by passing over turbine blades, expanding and cooling at the same
time. The pressurised gas enters into the turbine combustion chamber where it is
mixed with fuel and ignited. The heat that comes from burning the fuel expands the
air, and the high-speed rush of this super-heated air spins the turbine.- 13 -
Figure 4 Gas Turbine for a Jet Engine
[15]
For power generation applications, the turbine shaft is linked with an electrical
alternator which converts the mechanical energy into electricity. Figure 5 shows the
c o m pl e te d  as s e m bl y  fo r a  s t at i o n ary  1 M W  g e n e rat i n g  se t , al t h o ug h  t h i s  i m ag e  i s
missing the outside enclosure, which is essential for acoustic shielding.
Figure 5 Gas Turbine Assembly (top).
Electrical Efficiency expressed as heat rate (bottom)
[16]- 14 -
Gas turbines are also well-suited for cogeneration applications. Exhaust temperatures
for the 1MW Solar Turbine Saturn 20 shown above range between 480°C to 550°C
with thermal to electrical efficiencies at 23%. It should be noted that larger gas
turbines have higher efficiencies. For combined cycle and cogeneration applications
overall efficiencies can be up as high as 60%
[17].
Advantages over reciprocating engine generators include:-
- They have a greater power-to-weight ratio compared to reciprocating
engines. That is, the amount of power you get out of the engine compared to
the weight of the engine itself is very good.
- Smaller than their reciprocating counterparts of the same power.
- Low carbon and particulate emissions compared to ICEs.
- Lower maintenance costs per MWh due to the small number of moving parts
(the rotor).
- Majority of waste heat contained in their high temperature exhaust which is
an advantage for CHP applications.
Disadvantages compared to reciprocating engine generators include:-:-
- Cost, especially in the smaller scale turbines is high. However, the price per
kW decreases significantly with the size of the turbine.
- Fuel consumption at low load is poor, especially when they are idling, and
they prefer a constant rather than a fluctuating load.
- The larger the turbine, the more efficient it is. In the standby generation
market, the small size disadvantages the standard gas turbine.
- Reciprocating engine generators are quicker to respond to changes in output
power requirements
[13].- 15 -
3.4 Gas Microturbine
One developing technology which is suited for standby applications is a more
compact version of the conventional gas turbine engine: The Microturbine. The
principle of the microturbine is exactly the same as larger gas turbines, except that
they are much smaller in scale.
Figure 6 - Microturbine Assembly and Efficiency
[18]- 16 -
Applications for microturbines vary, but in the context of commercial buildings they
can be used for smaller scale standby generation or paralleled together for primary
generation with heat recovery for either combined heating and power (CHP or
cogeneration) or combined heating, power and cooling (CHPC or tri-generation).
Figure 7 below illustrates a building application for microturbines utilising 25 in
number 30 kW microturbines, 4 Heat Exchangers, and an Absorption Chiller.
Figure 7 - Harbec Plastics CHPC (Ontario, NY)
[19]
Advantages of microturbines compared to their larger cousins and ICEs include:-
- The size of the unit means it is flexible and can be located inside buildings.
- T h e  s m a l l e r  c o m p a c t  s i z e  m e a n s  t h a t  i t  c a n  a l s o  b e  u s e d  f o r  t r a n s p o r t
applications such as in buses.
- Can run off a variety of different hydrocarbon fuels such as biogas.
Disadvantages compared to their larger cousins and ICEs include:-:-
- Decreasing efficiency at higher ambient temperatures.
- Efficiencies of microturbines are slightly less than reciprocating engines,
although the efficiencies of microturbines are increasing with time.
- Microturbines also lose more efficiency at low power levels than
reciprocating engines.
[13]- 17 -
3.5 Battery Systems
Although battery back-up systems are not comparable in application to the 1 MW
generators previously discussed, they do play an important role in standby power for
buildings. The application briefly discussed here is that of the uninterruptable power
supply (UPS).
The UPS principle is to provide a continuous, clean electricity power source to vital
applications such as computer servers, telecommunications equipment and medical
life support systems. There are three types of UPS systems, which are designed for
different applications:-
- Offline or standby systems, where the inverter is in standby mode until the
mains fails,
- Line Interactive, which is similar to offline except the power to the load is
conditioned via a regulator, and
- Online, in which an inverter supplies regulated AC power to the load at all
times; either from rectified mains or a battery. There is no transitional
interruption when using this system.
In a typical standby building application, the offline arrangement is typically used, as
can be seen in Figure 8 below. Batteries are charged using a rectifier / charger, that
converts the incoming AC power to DC at a regulated voltage for battery charging.
The inverter is supplied from the DC busbar and converts the DC power into AC for
general plug-in power applications. The static switch is a smart solid state device that
monitors the incoming mains power supply and, when supply is lost, it switches over
to battery feed.- 18 -
Figure 8 - Typical Battery UPS Arrangement
[20]
The battery system is generally sized to match the peak load for a number of hours.
In remote applications where long periods of outage can be expected, such as remote
radio towers, there are whole rooms filled with batteries, which require high levels
of maintenance.
Advantages of UPS systems for standby applications include:-
- For vital systems, the location of the battery system is generally adjacent to
the load, such as computer servers, which means there are fewer potential
problems between the supply and load.
- UPS can be modular in size, allowing for numerous units to be distributed
throughout the vital systems as they are required.
- Small systems such as for home personal computers or small business are
inexpensive and will overcome the majority of supply problems.
However, UPS systems have their limitations.
- For standby buildings applications, the size of the systems would need to be
very large, including the inverters and battery banks - typical UPS systems
range between 5-50kW.- 19 -
- Larger systems are very expensive due to the high power electronics required
in the AC inverters compared to rotating alternators.
- Lead Acid batteries can be dangerous to store and use, as they can explode if
stressed, and are filled with sulphuric acid.
- Other more efficient battery types such as Lithium Ion can also be used,
however they are very expensive.- 20 -
4 Fuel Cell Technologies
4.1 History
Fuels cells have their origin in the electrolysis, or ‘ decomposition’  of water into
gases. By recombination of these gases, and connecting a number of cells in series,
William Grove was the first person to demonstrate a fuel cell working on hydrogen
way back in 1839. The cell used a platinum electrode immersed in nitric acid and a
zinc electrode in zinc sulphate to generate about 12 amps of current at about 1.8 volts
[21].
Practical applications were not identified until the advent of the Second World War,
when Francis Thomas Bacon (1904 -1992), who had been demonstrating fuel cells
leading up to the war, envisaged fuel cell driven submarines, however his work was
put on hold for more urgent needs. At the conclusion of the war, Bacon resumed his
fuel cell demonstrations and in 1958 he demonstrated an alkali fuel cell stack which
was able to generate 5kW of electricity. This demonstration led to the patent being
purchased by Pratt & Whitney, who used Bacon’ s fuel cell work to develop the fuel
cells for the NASA space program of the late 1950’ s
[21].
Figure 9 - Space Shuttle Orbiter
[22]- 21 -
It wasn’ t until the NASA space program that fuel cells were developed into
something of practical value. They demonstrated a light weight, compact and
relatively safe energy carrier, which was ideal for space missions, but came at a very
h i g h  co s t . I n  t e rm s o f  f ue l  ce l l  te ch n o l o g i e s , w h e re  w e  are  t o d ay  c an  l arg e l y  be
attributed to the work that was undertaken by NASA and its funded research
programs. The space shuttle programs of the late 1950s up until now use a
combination of alkaline fuel cells (AFC) and proton exchange membrane fuel cells
(PEMFC). The space shuttle vehicles have demonstrated the use of three twelve (12)
kW AFCs which have operated for 65,000 hours proving their reliability and
suitability for transport applications
[23].
Commercialisation of fuel cell technology was initiated by United Technologies
Corporation (UTC) in the early 1990s with the aid of US Government funding
assistance programs. The US Department of Defence (DOD) purchased thirty
stationary phosphoric acid fuel cells (PAFC) under a cost capping arrangement of
$1000/kW
[27]. The defence sector saw the potential benefits of developing the
technology as an alternate energy source, and this continues today with many FC
research projects focussed on defence applications.
Even though the ‘ Grove Cell’  of 1839 was fifty years prior to the first gasoline
engine vehicle, developments have been lagging behind other technologies. We can
onl y g uess at whe re  fuel  cell s m ay  be  tod ay i f the sam e  am o un t o f im pe tus an d
energy was devoted to fuel cells as has been devoted to the ICE
[21].
Into the future, work will continue on developing better materials and improving fuel
cell technologies, however the general basic principles have not changed since the
origin of each of the cell technologies.- 22 -
4.2 Proton Exchange Membrane Fuel Cells
The Proton Exchange Membrane (PEMFC) or Polymer Electrolyte fuel cell has its
beginnings in the space program. NASA used PEMFCs on the first manned
spacecraft in the Apollo, Gemini and space shuttle programs of the 1960s. The
Gemini program utilized 1kW PEMFCs units from 1965 to 1966
[21]. From these
early beginnings PEMFCs are now the power source of choice for mobile
applications due to its robustness, fast-start capability and operation at
comparatively low temperatures.
PEMFCs work with a solid polymer electrolyte in the form of a thin, permeable
sheet as shown in Figure 10. This membrane is small and light, and it works at
low temperatures and is the basis for its robustness. In all the variances of
PEMFC design, the electrolyte is always a sulphonated fluoropolymer, such as
Nafion (Dupont) which is made from Teflon (registered trademark of ICI). The
two main properties of this material are that it is highly resistant to chemical
attack due to its strong chemical bonds, and its propensity to attract water
molecules on parts of its molecular chain, whilst repelling water from the
majority. This in effect creates free H
+ ions, and forms a weak acidic substance
[21].
The electrodes require a platinum catalyst to assist in ionic transfer. Even though
platinum is an expensive metal, the doping levels today are minimal and do not
add significantly to the cost of the fuel cells.- 23 -
Figure 10 –  PEMFC
[24]
Fuel choice for PEMFCs is typically pure hydrogen, usually reformed from a
fossil fuel such as natural gas. A problem that needs to be addressed with
PEMFCs is their inability to cope with carbon monoxide, as this significantly
taints the platinum catalyst and reduced fuel cell life. Therefore when using
reformed gas as a fuel, extra processing is required to purify the CO from the fuel
stream. This adds to the cost and complexity of the overall reformation system.
Correct water management in PEMFC fuel cells is important. By controlling the
air flow through the cell, a water balance can be achieved. In general, extra
humidification is required when running a PEMFC above about 60°C
[25].
Except for the smallest PEMFC systems, separate cooling systems are required.
These are usually air blowers for smaller systems, but the larger systems (above
5kW) require water cooling. Cooling is essential for most fuel cell systems, as
efficiencies are linked with operating temperatures.- 24 -
Construction of a fuel cell varies markedly. In general, bi-polar plates are used;
being a compact sandwich arrangement of the anode, electrolyte and cathode,
with oxygen and hydrogen feed channels fed in between each plate
[25]. Work
c o n ti n u e s  i n  th e  m at e ri al s  a r e a  o f  P E M F C s ,  w i t h  a n  ai m  t o  r e d u ce  c o s t s  an d
increase manufacturing efficiencies.
Applications for PEMFCs are concentrated in the transport sector, with many
pilot projects running in buses and Fuel Cell Vehicles (FCV) around the world.
Stationary applications for PEMFCs are also many, but concentrated on the
smaller scale uninterruptible power supplies (UPS) systems. The simplicity of
PEMFC is the basis for its potential market success at the lower power scales
[23].
4.3 Phosphoric Acid Fuel cells
The first fuel cells ran on sulphuric acid but were not developed due to its chemical
properties. Phosphoric acid (H3PO4) was considered as an electrolyte replacement
due to its thermal, chemical and electrochemical stability. Advances in the
Phosphoric Acid Fuel Cell (PAFC) didn’ t really take off until the late 1960s and
1970s, when major advances in electrode materials and lingering problems with other
types of fuel cells spurred new interest in PAFCs.
A PAFC works in a similar way to the PEMFC, with an acid used as the electrolyte,
and the ionic reactions occurring on the anode and cathode in the presence of a
precious metal catalyst such as platinum. The electrolyte conducts the ions and
protons to the electrodes with electrons passing through an external circuit as shown
in Figure 11 below.- 25 -
Figure 11 –  PAFC
[24]
The main reactions taking place at the electrodes are
[26]:
Anode: 2 H2 => 4 H
+ + 4 e-
Cathode: O2 + 4 H
+ + 4 e- => 2 H2O
Operating temperatures of PAFCs are generally considered in the medium
temperature range. Once commissioned, the stack should always be kept above 42°C
which is the freezing point of pure phosphoric acid.
Electrodes for the PAFC are similar to the PEMFC in materials and design, where
gas diffusion is made possible by the PTFE structure creating a porous membrane.
The stack itself uses bi-polar plates similar to the PEMFC design.
P A F C s  t y p i c a l l y  o p e r a t e  a t  b e t w e e n  1 8 0 ° C  a n d  2 2 0 ° C  a n d  a t  e l e v a t e d  p r e s s u re s
between 1 and 10 atmospheres. The ionic conductivity of phosphoric acid is low at
low temperatures and therefore higher temperatures and pressures are advantageous.
However, higher pressures require more robust systems and seals, and even though
higher temperatures decrease the maximum efficiency limit, they improve the overall
performance of the cell. Higher temperatures in PAFCs also have an advantage in
making the cell more resilient to CO poisoning of the electrode catalysts.- 26 -
Cooling is typically achieved using water to improve performance, with the
disadvantage that elevated temperatures can increase the corrosion rates of the
cooling system. Water treatment is therefore required for the cooling system which
adds cost to the overall system.
Hydrogen fuel is reformed as part of the overall system in an external reformer,
typically from natural gas. The fuel constituents for PAFCs are important, as carbon
monoxide (CO) and hydrogen sulphide (H2S) can poison the platinum catalyst at the
electrodes, decreasing the overall performance.
PAFCs are the most common commercially available fuel cell around the world
today, with many stationary applications in buildings, hotels, hospitals, and electric
utilities in Japan, Europe and the United States. The PAFC operates at greater than
40% efficiency in generating electricity but in cogeneration applications the overall
efficiency rises to 80% to 85%.
Currently, approximately 75 MW of PAFC generating capacity has been installed
and is operating around the world. Over 300 PAFCs systems of up to 200 kW
capacity are in commercial operation, mostly in Japan and the U.S., with an average
availability surpassing 95%. There are also systems of 11 MW capacity which have
been installed for use as grid connected power for Tokyo Electric Power
[21], [26].
Advantages of the PAFC systems include:-
- A s  a  m o r e  m a t u r e  F C  t e c h n o l o g y ,  t h e r e  a r e  a  l a r g e  n u m b e r  o f
commercially proven installations available to case study.
- Good load-following capability (i.e., quick response to changing
loads)
[27].- 27 -
- High efficiencies compared to conventional technologies.
- Good matching with cogeneration applications where waste heat can be
utilised.
Disadvantages of the PAFC system include:-
- The balance of plant is complex to cope with the medium temperatures,
higher pressures and highly corrosive electrolyte.
- Poisoning of the electrode catalyst is sensitive to sulphur and carbon
monoxide in the fuel gas.
- The temperature of the system and the freezing nature of the electrolyte
mean that there are extended start-up times required, which is not
suitable for standby applications
[25].
PAFCs have generally proved themselves to be the current fuel cell leader for larger
generation systems. Commercial packages available from UTC Power have been
operating in the utility scale generation market for many years and the current
product range has a capacity of 400kW.
4.4 Solid Oxide Fuel Cells
High temperature fuel cells have their histories rooted in the 19
th century with
galvanic theory, electrolysis principles and solid electrolytes. In 1897, Walther
Nernst (1864 to 1941) suggested that by passing current through a solid electrolyte,
better lighting efficiencies could be achieved than those available from carbon
filament lamps at the time. He started experimenting with different oxides, and found
yttria-stabilised zirconia (YSZ) as a particularly good oxygen ion conductor at
elevated temperatures, achieving 80% better output than the carbon filament lamps.- 28 -
Even though the theory wasn’ t fully understood until much later, these Nernst Lamps
were the first commercially available (and very expensive) solid electrolyte devices
[29].
In the early part of the 20
th century, work continued in various fields of research, but
with equal amounts of difficulty. Swiss scientists Baur & Preis experimented with
solid oxide electrolytes in the late 1930s, but the designs were not as electrically
conductive as hoped. Wagner in 1943 unlocked the mechanism of the Nernst Lamps
and the potential of solid oxides to be used as electrolytes for fuel cells. Further
problems were discovered in the late 1950’ s in the Netherlands, Germany and the
USA with relatively high internal electrical resistances and the subsequent melting of
interconnection materials at the high temperatures. Researchers from all around the
world picked up on the potential benefits of SOFCs in the 1960s and 1970s with the
success use of fuel cells in the NASA space program
[21].
The first 5kW generator was built in 1986 by Westinghouse, which used a long
tubular cell design shown in Figure 12 below.
Figure 12 - Westinghouse multi-cell module concept, 1982
[29]- 29 -
The operating principle of the SOFC is similar to all the fuel cells in that a cathode
and electrode are separated by an electrolyte, which in this case is a solid oxide made
from zirconia doped with small amounts of yttria. This principle is simpler than other
fuel cells in that it only has two phases to manage: gas and solid. No complicated
liquid electrolyte systems are required, reducing up front capital and maintenance
costs.
Hydrogen-rich fuel is fed to the anode at very high temperatures, typically between
800°C and 1100°C. Negatively-charged oxygen ions are transferred from the cathode
to the anode, producing water and heat.
Using hydrogen-rich fuel as the fuel source, the reactions are:-
Anode: 2H2 + 2O
= =>  2H2O + 4e
-
Cathode: O2 + 4e
- =>  2O
=
Figure 13 –  SOFC
[30]- 30 -
The electrolyte for a typical modern SOFC is still based of the early work completed
by Nernst and Wagner using a very thin layer of zirconia doped with 8% to 10%
yttria
[25]. This doping creates oxide ion sites in the oxide structure, allowing oxide
ion transfer at high temperatures between the cathode and the anode. The challenge
for scientists working with solid electrolytes has been to create very thin electrolyte
layers to reduce resistive losses, but that are also resistant to gas leaks. The future of
SOFCs appears to be very much in the hands of materials scientists because of the
need to reduce costs and simplify the process of thin oxide deposition.
Anodes are typically a porous cermet mixture of metallic nickel and YSZ added to
make the nickel robust to thermal expansion. Cathodes are similar to the anodes in
that they must be porous, must have good catalytic properties, be thermally matched
to the electrolyte and possess good electrical conductivity. A p-type semiconductor,
strontium-doped lanthanum manganite, is used for the cathode material. The cell’ s
overall performance depends heavily on the cathode and anode surface area, and
therefore the porosity and microstructure of trial materials must optimise these
parameters.
The interconnection material for high temperature applications must also be matched
for thermal expansion, as well as be made not to release impurities which poison the
cathode. This means that an alternative to metals needs to be found, such as a
conducting ceramic, lanthanum chromite doped with magnesium
[25].
Two types of SOFC stack designs are common: the planar design and the tubular
design. Both are designed to maximise surface areas and keep material costs low. The
planar design is similar to the bipolar designs explained in the PEMFC system, with a
thin electrolyte compressed between the anode and cathode. Fuel is equally
distributed across the surface of the anode and air is passed across the cathode plate- 31 -
as can be seen in Figure 14 below. The major disadvantage of the planar design is the
difficulty in effectively sealing the gasses inside the stack and between the layers.
The seals must have similar thermal expansion coefficients to the other stack
materials and be effective at temperatures exceeding 1000°C. For this reason the
planar stack sizes are limited, and planar stacks above 5kW are uncommon.
Figure 14 - SOFC Stack Arrangement
[29]
The tubular system was created in response to the sealing problems associated with
the planar stacks. By utilising a thin tube sealed at one end as shown in Figure 15,
many of the problems associated with effective sealing are overcome. Fuel and water
are combined in the main chamber where the fuel is oxidised. At 1000°C and
atmospheric pressure, a single tubular SOFC can generate power of up to 210 W dc
[25].- 32 -
Figure 15 - Tubular SOFC
[25], [29]
4.5 Molten Carbonate Fuel Cells
Origins of the Molten Carbonate Fuel Cell (MCFC) are linked closely with those of
the Solid Oxide Fuel Cell (SOFC). After much work with solid oxide electrolytes in
the 1930s and 1940s, serious limitations were reached due to electrical conductivity
problems and unwanted chemical reactions. In the late 1950’ s this work was taken up
by Dutch scientists G. H. J. Broers and J. A. A. Ketelaar who began using molten
carbonates of lithium, sodium and potassium carbonate
[21].
The process involved in the MCFC uses a molten mixture of carbonate salts,
typically lithium and potassium, to transfer carbonate ions between the electrodes as
shown in Figure 16.
Anode: 2H2 + 2CO3
2- => 2H2O + 2CO2 + 4e
-
Cathode: O2 + 2CO2 + 4e
- => 2CO3
2-- 33 -
Figure 16 –  MCFC
[24]
The MCFC electrolyte is typically a mix of carbonates constrained in a ceramic
matrix of LiOAlO2, operating at temperatures in excess of 650°C. At these
temperatures, an electrolyte holding matrix needs to control the electrolyte / gas
interface. This is achieved by creating small pores in the matrix, which effectively
keeps the electrolyte matrix filled and controls the optimum electrolyte distribution in
the cell.
Due to the high temperatures, electrodes can be made from non-precious metals such
as nickel for the anode and nickel oxide for the cathode. This helps to reduce costs in
the construction of the MCFC.
Commercial scale MCFCs use internal reforming of fuels, as do SOFCs. Internal
reforming using natural gas occurs at high temperatures inside the fuel cell, typically
above 500°C, and can be described by the following steam reforming equations.
CH4 + H2O => CO + 3H2
CO + H2O => H2 + CO2- 34 -
Fuel cells that use internal reforming are called Direct Fuel Cells (DFCs) and are
inherently more efficient compared to external reforming fuel cell systems, due to the
removal of inefficient and expensive external reforming plant. Advantages resulting
from internal reforming include
[28]:
- Elimination of costly, separate fuel processing equipment, leading to
lower overall capital costs and increased system efficiency.
- A reduction in the amount of equipment required, leading to simpler
operation and higher reliability.
The exhaust gas is recycled back to the cathode to preheat the reactant air, burn the
unused fuel and bring the waste heat into one stream for cogeneration purposes.
Advantages of the MCFC include:-
- They are less prone to carbon monoxide "poisoning" than lower
temperature fuel cells, which makes coal-based fuels more attractive for
this type of fuel cell.
- Catalysts can be made of nickel, which is more affordable than platinum.
- Higher efficiencies than other fuel cells, up to 60% to 80% overall if the
waste heat is utilized for cogeneration.
- Utility scale fuel cell installations are possible with MCFCs such as those
manufactured by Fuel Cell Energy
[23].
The primary disadvantage of current MCFC technology is durability. The high
temperatures at which these cells operate and the corrosive electrolyte used accelerate
component breakdown, decreasing cell life. Scientists are currently exploring
corrosion-resistant materials for components as well as fuel cell designs that increase
cell life without decreasing performance.- 35 -
5 TRI Standby System Selection
The focus of this dissertation is to undertake a comparison of standby generation
options and determine the suitability of utilising a fuel cell for this purpose. The
p r o j e c t  s e l e c t e d  f o r  c o m p a r i s o n  i s  t h e  T r a n s l a t i o n a l  R e s e a r c h  I n s t i t u t e  ( T R I ) ,  a
proposed medical research centre currently under design in Brisbane, Queensland.
5.1 Project Background
The purpose of the TRI facility is to enable Australian medical researchers to take
their discoveries all the way from late pre-clinical development to the completion of
clinical trials. The organisations that will use this facility include:-
- The Princess Alexandra Hospital,
- The University of Queensland’ s Diamantina Institute for Translational
Research,
- The Queensland University of Technology, and
- The Mater Medical Research Institute (MMRI).
The building is comprised of six floors of laboratories, offices and teaching areas.
The nature of the work in the building will predominantly be day time; however
experimentation equipment will be running 24 hours a day.
The animal housing areas and some of the laboratories will have physical
containment (PC) designations, meaning that biological contamination is managed
with controlled ventilation, airlocks and strict procedures. Hazardous experiments
will be conducted inside fume cupboards which vent to outside air. These areas
require strict monitoring for biological hazard prevention.- 36 -
Figure 17 -TRI Project Illustration
[Courtesy Wilson Architects, 2008]
5.2 Energy sources
Electricity for the building will be supplied from the local electricity grid at 11kV,
with a high voltage substation being located inside the building on the lower ground
floor, adjacent to the main switchboard, and proposed standby generator location.
Approximately 10kVA of photovoltaic generation is also proposed for the rooftop
area.
There is a natural gas line supplied to the building which is used to feed a number of
appliances as well as the gas-boosted solar hot water systems on the roof. Steam for
the building is used for sterilisation of animal enclosures and other biological waste
cleaning.
The facility is located inside an existing medical precinct along with a major
Brisbane hospital, the Princess Alexandra (PA). At this stage of the design, a new
s t e a m  l i n e  f r o m  t h e  P A  i s  p r o p o s e d  t o  f e e d  t h e  T R I  b u i l d i n g  t o  b e  u s e d  f o r
sterilisation purposes at a rate of between 800 and 1000 kg/hr.- 37 -
5.3 Standby requirements
The majority of the work undertaken in the new facility will involve animal research
and medical trials, utilising a range of medical equipment and requiring many fridges
and freezers to keep specimens in. If the power fails during experimentation or
causes a loss of experiment samples or data, this could set the medical research team
back many months or years, and cost millions of dollars.
The sensitive nature of the testing animals requires strictly controlled conditions. A
change in temperature could stress the animals which can lead to death. It is therefore
vital that standby generation is reliable and able to supply all the important
equipment in case of mains power failure.
The building is currently in the early stages of design, and as such a complete list of
required standby equipment is not available. It is envisaged that the following
equipment will require standby power.
- Fire and life safety systems: alarms, sprinklers, smoke extract systems,
emergency lighting etc, as prescribed by building regulations.
- Building security: for access control and intruder detection.
- Lifts: a minimum of one in each section of the building.
- Communications system UPS: data and voice systems.
- Data centre UPS: All the research data will be stored in a purpose built
data centre.
- Other UPS systems: for other vital computers and equipment.
- Air conditioning: all mechanical ventilation and selected animal housing
air conditioning.- 38 -
- General light and power: up to 50% of the building will be supplied with
standby power.
- Specimen freezer rooms: selected critical freezers will be on standby
power.
The estimated load for data centre and communications UPS generation is 60 kW.
The total estimated load for standby generation is 1,000 kW.
These values will be the basis of the standby system comparisons.- 39 -
6 Systems Comparison Method
6.1 Selection Criteria
For the purposes of a systems comparison for the TRI project, two cases were
assessed:
Case 1 –  UPS systems for data centre and communications, 60 kW
Case 2 - Building air conditioning and general lighting and power, 1,000 kW
A non-financial and a financial analysis were undertaken for each of the cases, with
various technology solutions proposed.
The non-financial technologies were:-
Case 1 - 60 kW Case 2 - 1,000 kW
Battery UPS System Diesel Standby Generator
Gas Microturbine Gas Reciprocating Generator
PEM Fuel Cell Gas Turbine
Solid Oxide Fuel Cell Molten Carbonate Fuel Cell
Solid Oxide Fuel Cell
Table 3 - System options for non-financial analysis
Systems analysed financially for each of the cases include:
Option Case 1 - 60 kW Case 2 - 1,000 kW
A Battery Storage & UPS Diesel Standby Generator
B Microturbine & UPS Gas Reciprocating Tri-Generation
C PEMFC & UPS Gas Turbine Tri-Generation
D SOFC & UPS MCFC Tri-Generation
Table 4 - System options for financial analysis
Each of the technologies was assessed against a set of criteria listed below. Some of
these criteria may not be applicable to all technologies; however this table is used as
a discussion and ranking tool for all technologies regardless.- 40 -
CRITERIA DESCRIPTION
Performance
Meeting standby
demand
A key factor in the choice of standby technology is the ability
of the technology to meet the required power demand for the
intended duration.
Security and quality
of supply
The TRI building is heavily reliant on large amounts of
computing power and power for biological safety systems.
Reliability of power from the grid can influence the
suitability and selection of a standby technology.
Fuel Source The fuel source will strongly influence the suitability of a
technology as well as the potential positive effects of the
technology for the environment.
Architectural
considerations
It is vital when designing a system that the effects on the
building envelope are considered. The building must be
designed to include these technologies from an early stage.
Points to consider include:-
- Physical footprint
- Location of the system
- Location of the exhaust
Start-up times The interchange time for standby generation is important for
experimental equipment and freezers. Extended periods of
lost power can cause experiments to be lost and freezers to
come up to ambient temperature.
Noise generation Selection of an appropriate standby generation system must
account for the noise that the system will generate when
running. This is especially the case for the TRI facility, being
located in a city location adjacent to other facilities and
housing animals for scientific purposes.
Waste heat
utilisation
In a number of the technologies, water and steam are
produced as a bi-product and could be used for:-
- on-site sterilisation
- domestic hot water
- heating (winter months)
Reliability
Technology
Complexity
A standby system that is exceptionally complex can become a
burden upon the owner and maintainer. An unreliable standby
system should be avoided at all costs, as this system is the last
line of defence. Complexity issues include:-
- Number of auxiliary and sub-systems
- O&M requirements
- Skill level required by O&M personnel
- Adaptability to existing systems
Technology
Maturity
Commercial application technology selection relies upon the
available existing history of that technology. The number of
operating plants and running hours is a key criterion, as are
the following:-
- Commercial system or a bespoke design
- Available case studies
- Lead time for delivery and installation
- Availability and inter-changeability of spare
parts
Costs
Capital costs The availability of financial resources for integration of the
selected technology must be considered. This will influence- 41 -
t h e  s i z e  a n d  t y p e  o f  s y s t e m  t h a t  c a n  b e  i n s t a l l e d  a n d
includes:-
- Design costs
- Fuel storage tank costs
- Construction/installation costs
- Interconnection costs
Operational costs Ongoing costs once installed are a vital parameter for
selection and include:-
- Fuel and fuel transport costs
- Potential carbon tax costs
- Water consumption costs
Maintenance costs Other ongoing costs include those for the maintenance of the
system including:-
- Maintenance frequencies & labour costs
- Availability of trained maintainers
- Consumable spare parts costs
- Capital spare parts costs
Cogeneration cost
savings
Waste heat offset energy costs from cogeneration systems for
steam generation and domestic hot water.
Cost forecasting
uncertainty
Cost of fuels and maintenance can be associated with
potential uncertainty regarding the performance and
maintenance of the system and can be affected by:-
- International price of oil / gas
- Carbon taxes
- Labour rates
Replacement costs Major components of the system that require replacing or
overhauling after a number of year can be expensive.
Consideration should be given to the lifetime of the facility,
the frequency of major overhauls and the costs associated
with the replacement of the major parts.
Table 5 - Selection Criteria for Standby Power Supply
[31]- 42 -
6.2 Non-Financial Analysis
The TRI project will require the standby generation source to meet certain
e xpectati on s. Th i s se ction  use s the cri te ri a from  Tab le  5 to iden ti fy a n um be r o f
arbitrary targets for the TRI project. These targets are estimations based upon current
design information and client requirements for the facility.
TRI STANDBY CRITERIA
Element Case 1 Case 2
Performance
Meeting standby demand 60kW electrical 1,000 kW electrical
Security & quality  of supply  240V  AC 240V AC or 11kV AC
Fuel Source Any Natural Gas or Diesel
Architectural  considerations  3m  x  3m 10m x 8m footprint
Start-up times 30ms 5 minutes
Noise generation 60 dB(A) 80 dB(A)
Waste heat utilisation N/A 1000 kg/hr steam
Exhaust Emissions Limited emissions Limited emissions
Reliability
Technology Complexity Simple system
Limited Maintenance
Simple system
Quarterly maintenance
Technology Maturity Commercial Product
National product support
Commercial Product
National product support
Table 6 - TRI Selection Criteria
For the purposes of this dissertation a selection table was developed using the criteria
discussed in the previous section. This lists all the technologies to be compared then
scores them against each criteria based on a purely subjective scale from 0-5. A score
was derived from how well the technology meets each criterion.
0    Will never meet the criterion
1   Requires future technology to meet the  criterion
2    Could meet the criteria with great difficulty & cost
3    Could meet the criteria with minimal effort and cost
4    Meets  the  criterion
5    Exceeds  the  criterion
Table 7 - TRI Selection Criteria Scores- 43 -
6.3 Financial Analysis
A financial analysis was undertaken for each of the options in both cases with an aim
to develop a Net Present Cost after 30 years for each option. The values used as the
basis for the analysis were obtained from a combination of manufacturer’ s data,
literature, and estimation based upon industry guides.  Values were obtained for the
following items for each option.
- Main Equipment costs
- Ancillary Equip costs
- Operational costs
- Maintenance costs
- (Future) Carbon costs
- Depreciation costs
Fo r e ach  o f  t h e  o p ti o n s , a N e t  Pre s e n t  Co s t  ( N PC)  an al y si s w as  u n d e rt ak e n  an d
options ranked in terms of present day value. The following parameters were used for
the  an aly si s. No te  th at th e  Carbo n  Co st i s e stim ated base d  upon  curren t wo rk  by
Professor Ross Garnaut
[32], [33].
Discount  Rate  (Cash  Rate):  8%
Company  Federal  Tax  Rate:  30%
Assumed Income: $0
Carbon Cost (c/kg CO2): 4
Table 8 - Financial Parameters for NPC Analysis of Standby Power Options
A sensitivity analysis of the NPC to Carbon Cost was then undertaken to determine
the effects of varying (and uncertain) potential carbon costs.
Please note that this analysis was undertaken purely as a demonstration of an option
selection method for standby generation technologies. The values used are arbitrary
in many respects, especially in relation to manufacturer’ s data and maintenance
requirements. The results are illustrated and discussed in the following sections.- 44 -
7 Systems Comparison Results
7.1 Non-Financial Analysis
Case 1 - Technology Analysis
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Figure 18 - Case 1 Non-Financial Results
Case 2 - Technology Analysis
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Figure 19 - Case 2 Non-Financial Results
Tabulated results can be found in Appendix A.- 45 -
7.2 Financial Analysis
Net Present Cost
Case 1 - 60kW Standby Options
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Figure 20 - Case 1 Financial Results
Net Present Cost
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Figure 21 - Case 2 Financial Results- 46 -
7.3 Sensitivity Analysis
Case 1 - Sensitivity to Carbon Cost
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Figure 22 - Case 1 Carbon Cost Sensitivity
Case 2 - Sensitivity to Carbon Cost
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Figure 23 - Case 2 Carbon Cost Sensitivity
Tabulated results can be found in Appendix B.- 47 -
8 Systems Comparison Discussion
The two application cases were chosen based upon the main critical standby needs of
the TRI facility. Firstly, the data centre, and secondly, the complete standby load.
As this facility is currently in the design stage of development, a number of key
assumptions were necessary to complete the analysis. This analysis is based upon a
combination of evidential criteria, as well as general hypothesis about the
technologies which were assessed.
For the purposes of the analysis, a small number of systems were considered for each
case, although there are many other variations that could be chosen from. The
following brief discussion will focus on the fuel cell technologies in comparison to
the conventional technologies.
8.1 Case 1
Case 1 is analysed based upon the assumption that there is no other standby
generator, which in reality is false. It is also assumed that the data centre load is
60kW. This would in fact be the peak demand for the data centre and
communications equipment, not the actual average consumption. Therefore the
system energy consumption for the options assessed would in reality would be much
less. In practice a compromise would be made between the amount of required
standby power and the backup supply time.- 48 -
8.1.1 Case 1 - Non-Financial
The non-financial analysis looked at four different technology solutions which were
ranked for TRI project suitability in the following order (see Figure 18):
Rank Option System Score
1 D SOFC & Grid 35
2 A Battery  Storage  &  UPS  34
3 C PEMFC & UPS 32
4 B Microturbine & UPS 29
Table 9 - Case 1 Non-Financial Ranking
Meeting standby demand: All the systems were available in scalable sizes to
accommodate the data centre requirements of 60kW. Commercial UPS systems are
available in any scalable quantity and can supply up to 30 minutes of partial load
with internal battery systems, however expansion modules are available to increase
this time as required.
Security and quality of supply: The conditioning & protection equipment inside the
UPS is able to withstand variations in voltage and AC power quality, as this is the
main purpose of the UPS. Fuel cells are seen to have an advantage in that they can
operate independent of the grid and any potential power spikes in a premium power
market niche. Microturbines can suffer from speed fluctuations due to the nature of
rotating machinery.
Flexible Fuel Source: There is no alternate fuel source for a battery system, whereas
the other systems can be supplied by alternate fuels. PEMFCs are currently supplied
with pure hydrogen, which is also limited. SOFC and micro turbines are able to use a
variety of hydrocarbon fuels to ensure continued supply.- 49 -
Architectural considerations: Rack mounted UPS systems are able to blend into
most data centres, however when excessive battery storage is required, separate
ro om s m ay  be  req ui red  at g re at co st. PE MFCs  as  well  can  be  rack  m o un ted , but
hydrogen storage can be an issue in large quantities. The other systems require
separate designated areas but are able to fit into the area specified.
Start-up times: Batteries are an instant source of power, and therefore the switching
time is easily achieved to provide minimal power transfer time from grid to battery.
The other systems rely upon the battery UPS for the transitional time. PEMFCs are
still in the order of 15-30 seconds from a cold start to full load carrying and SOFCs
have a starting time in the order of 12-18 hours, which is their major downfall as a
standby technology
[34], [35].
Noise generation: Battery systems and fuel cells generate very little noise, whereas
the microturbine technology is not suitable for quiet environments.
Waste heat utilisation: This is not a requirement for the data centre, however is
scored to demonstrate the potential benefits of using the waste heat technologies.
Exhaust Emissions: SOFCs and microturbines use natural gas, which generates
emissions. SOFC technology is marginally better than microturbines in that
emissions of NOx, CO and particulate matter are negligible.
Technology Complexity: T r a d e  o f f s  a r e  t o  b e  h a d  i n  t h i s  c r i t e r i o n  b e t w e e n
complexity and maintenance. Battery storage systems require regular checking and
are a known maintenance item. Microturbines have moving parts and therefore
require regular maintenance. FCs have the advantage in that for the same generation
capacity, the maintenance is less than both the microturbines and battery systems.- 50 -
Technology Maturity: The most common form of computer and communications
s t a n d b y  e q u i p m e n t  i s  a  b a t t e r y  U P S  s y s t e m .  M i c r o t u r b i n e s  a n d  P E M F C s  a r e
established commercially in this market, whereas SOFCs are still a relative unknown.
8.1.2 Case 1 - Financial
T h e  r e s u l t s  t o  t h e  3 0  y e a r  n e t  p r e s e n t  c o s t  a n a l y s i s  a s  p r e s e n t e d  i n  F i g u r e  2 0
determined that the biggest driving factor was capital cost. Operating and other
annual costs were relatively similar, due largely to the limited amount of standby
time. Interestingly, this was the same even with the SOFC running continuously as
primary load. The gas premium operating price was offset by the predicted carbon
price paid for grid connected UPS systems.
It was determined to run the SOFC system as the primary power source due to the
long start-up times (in excess of 12 hours). Note that the non-financial analysis rated
the SOFC system as not being able to meet the start-up criteria. For the purposes of a
financial comparison, the grid system is used as the standby source.
Rank Option System NPC
($1000s)
1 B Microturbine & UPS $611
2 C PEMFC & UPS $676
3 D SOFC & Grid $793
4 A Battery Storage & UPS $859
Table 10 - Case 1 - Financial Ranking 30 Year Study
Main Equipment Costs: Battery storage for eight hours of operation at peak load
was the determining factor for high costs of Option A. At small standby levels,
battery storage would be preferred. The other systems capital costs were obtained
from existing literature on the various technologies. Fuel cell prices are still
excessively high ($4000/kW) estimated, however state of current technologies for the
SOFC may put this even higher [Source: Ceramic Fuel Cells Limited].- 51 -
Ancillary Equipment Costs: Estimates were made on other auxiliary equipment
required to run the main equipment. These figures are arbitrary for this assessment,
however are included for completeness of costs to include such items as battery
cabling and racking, sounds attenuators, heat exchangers and gas flues.
Operational Costs: The running costs of the equipment are the main determinant
variable over the lifetime of the system . It can be seen that the running costs for
primary grid connected options A, B & C were similar, whereas the SOFC system
running costs were higher due to the natural gas costs.
Maintenance costs: Maintenance costs are arbitrary due to limited information on a
number of the technologies. Gas reciprocating engines are estimated at $4/kW/yr
[36].
Battery maintenance is typically quite high for larger systems, such as that required
for an eight hour standby system. Fuel cell systems have limited maintenance
requirements due to fewer moving parts and simple systems.
Carbon Tax Cost: The electricity grid in Queensland is fuelled almost solely on
black coal, which has a high environmental footprint. By replacing the grid
connected primary source with the SOFC, fuelled by natural gas, the carbon tax
implication are somewhat reduced.
Depreciation: For the purposes of this discussion, depreciation is calculated by using
the main equipment replacement cost divided by the approximate lifetime of the
equipment. In practice, this figure would be much lower due to the lack of operating
hours.- 52 -
8.2 Case 2
The premise for Case 2 is that there is an equal comparison between the technologies.
To accommodate for this, various equipment was combined for each option to
generate 1000kW of electricity, 1500kW of cooling and 1000kg/hr of steam. The
purpose of this was to highlight the benefits of the high temperature fuel cell systems,
which generate good quality waste heat that can be used for steam production as well
as be used for absorption cooling. This type of system, called Tri-generation is very
energy efficient, although it does come at a significant capital premium.
8.2.1 Case 2 - Non-Financial
As with Case 1, the non-financial analysis looked at different technology solutions
which were ranked for TRI project suitability. The results are:
Rank System Score
1  Gas  Reciprocating  Generator 33
1  Gas  Turbine 33
3  Diesel  Standby  Generator 31
4  Solid  Oxide  Fuel  Cell 28
5  Molten  Carbonate  Fuel  Cell 27
6  Phosphoric  Acid  Fuel  Cell 21
Table 11 - Case 2 Non-Financial Ranking
Meeting standby demand: Conventional technologies have been around for many
years and there are many size capacities commercially available. Fuel cells are still
lagging behind in size flexibility, although there are high temperature systems in the
1.5MW and 3MW range the number of capacity sizes currently in the commercial
market is limited.
Security and quality of supply: For standby generation systems one of the
requirements is the ability to connect to the electrical installation at the point of- 53 -
incoming supply. The proposed point of supply for the TRI building is an 11kV
switchboard and therefore the standby generator should be able to connect to the
11kV system. Conventional technologies are able to generate this supply voltage in
the alternator, whereas fuel cell technologies would require substantial modifications
to their inverter equipment for this to occur.
Flexible Fuel Source: Reciprocating engines are able to use a combination of fuels
in ‘ duel fuel’  situations, whereas gas turbines are dependant upon natural gas. High
temperature fuel cells use the process of internal reforming of most hydrocarbons and
therefore are quite flexible in their fuel source.
Architectural considerations: The engines and gas turbine are very compact
equipment for the kW range they are able to supply, mainly due to the advanced level
of the technology. The fuel cells are still quite bulky compared to these conventional
t e c h n o l o g i e s  w i t h  l e n g t h s  i n  e x c e s s  o f  1 2 m  f o r  t h e  l a r g e  p a c k a g e  s y s t e m s .  F o r
example a 1000kW gas turbine has a length of approximately 6m compared to a
125kW SOFC system with a length of 11.4m
[16], [35].
Start-up times: The building is reliant upon the standby technology kicking in
within a short space of time. Large reciprocating engines are able to achieve this
within 20-30 seconds, gas turbines within 1-2 minutes, but medium and high
temperature fuel cells require 12-18 hours to reach operating temperature from cold.
In practice, these systems would run continuously in either island mode or grid
parallel, therefore starting times are not as applicable.
Noise generation: One big advantage fuel cell systems have over large reciprocating
diesel or gas, or gas turbine systems is the significantly lower noise levels. The only
noise generation is from the balance of plant systems required to keep the fuel cell- 54 -
stacks running. 400W PAFC systems generate 55dB(A), which is equivalent to an
average office noise environment. This is compared to a large diesel engine that can
generate in excess of 100dB(A)
[37], [38].
Waste heat utilisation: Where there is a need for heat or steam, combined heat and
p o w e r  ( C H P )  s y s t e m s  a r e  p r e f e r r e d .  G a s  f i r e d  r e c i p r o c a t i n g  u n i t s  g i v e  a  h e a t  t o
power ratio of around 2:1 while gas turbines are even higher. High temperature fuel
cells are also able to produce CHP. By making use of this heat high overall
efficiencies can be gained. In the Brisbane climate, there is limited scope for heating;
however the TRI building does have a steam load, as well as a cooling load. For the
purpose of this discussion, the waste heat must be used for steam and absorption
cooling to have met the requirements.
Exhaust Emissions: The fuel cells assessed use natural gas, which generates limited
NOx, CO and particulate matter emissions. The conventional technologies are worse
when it comes to pollution, especially the diesel generator system.
Technology Complexity: As per Case 1, fuel cells have the advantage in that for the
same generation capacity, the maintenance is less than reciprocating engines and gas
turbines.
Technology Maturity: In order of technology maturity, the systems are: Diesel, Gas
Reciprocating, gas turbine, PAFC, MCFC and then SOFC. Commercial products are
available in the distributed generation scale for both MCFC and PAFCs. SOFC
technology is slowly developing with a number of pilot products running in various
applications.- 55 -
8.2.2 Case 2 - Financial
For the purposes of this report four systems were assessed over a 30 year time span.
Before discussion on the financial comparison, it is important to explain the
arrangement of the systems by noting the following.
Medium and high temperature fuel cells are not suitable for true standby
applications.
Rather, they are well suited to distributed generation where there is a use for waste
heat in a co- or tri-Generation system where the exceptional efficiencies can be
realised. This is mainly due to the very long start up times, typically 12-18 hours
[35].
For an equivalent comparison, the options were set up to copy this arrangement. It
would not be a valid comparison if a diesel generator was set as a traditional standby
system, as the overall benefits, and costs, would be minimal compared to a fuel cell
system. Therefore, with the exception of the diesel system, the systems were assumed
to run as primary generators with the grid as backup.
The systems combined various major equipment items to fulfil the estimated load
requirements for the TRI facility.
- Primary Generation –  1000kW
- Standby Generation –  4 hours per annum
- Steam generation –  1000kg/h
- Cooling capacity –  1500kWt- 56 -
Note that for Options B, C & D; cooling is achieved using an absorption chiller. Even
though this dissertation does not consider in depth the advantages of absorption
cooling from waste heat sources, it is included in Case 2 for comparability of
systems. This type of system is termed tri-generation, as both heating cooling as well
as electricity can be produced from the same system. The results from 30 year net
present cost analysis are presented in Figure 21 and shown in Table 12.
Rank Option System NPC
($M)
1 B Gas Reciprocating Engine & Tri-Generation $16.7
2 C Gas Turbine & Tri-Generation $17.8
3 A Diesel Standby Generator $18.4
4 D HT Fuel Cell & Tri-Generation $29.9
Table 12 - Case 2 - Financial Ranking 30 Year Study
In Case 1, there was no change to the NPC ranking over the assessment period of 30
years. In this particular case, there is a change to the rankings due primarily to the
assumed carbon cost and other annual charges. The Diesel generator system is the
cheapest option initially, however after three years it slips behind the Gas Engine,
and then after 10 years it slips behind the Gas Turbine option.
Main Equipment Costs: As with Case 1, the biggest driving factor was again capital
cost. Fuel cell capital costs are an order of magnitude greater than conventional
technologies. The MCFC from Fuel Cell Energy is arguably the most mature high
temperature fuel cell technology, and budget pricing is still in the order of $4000/kW.
Even with a 50% reduction, conventional technologies are far more economical in the
short to medium term. Once the market develops further, FCs costs will improve and
become competitive. Estimates put competitive market entry pricing at $1500/kW for
the US market.- 57 -
Ancillary Equipment Costs: As with Case 1, Estimates were made on other
auxiliary equipment required to run the main equipment. Diesel generator systems
generate excessive noise for such an establishment, and therefore extra cost was
included for superior noise attenuation equipment.
Operational Costs: Th e die sel  sy stem  running  co sts we re  the l owest d ue  to g rid
power being inexpensive compared to natural gas in Brisbane. This is due to the
abundance of coal in Queensland. In many countries natural gas is a more
economical fuel, such as the USA.
Maintenance costs: As with Case 1, maintenance costs are arbitrary due to limited
information on a number of the technologies. For the purposes of this assessment,
fuel cells are relatively maintenance free, requiring annual inspections and some BOP
maintenance.
Carbon Tax Cost: The electricity grid in Queensland is fuelled almost solely on
black coal, which has a high environmental footprint. By replacing the grid
connected primary source with the SOFC, fuelled by natural gas, the carbon tax
implication are somewhat reduced.
Depreciation: Due to the high capital costs of fuel cells, the annual depreciation is
also substantially higher than other technologies.- 58 -
9 Conclusions
Practical applications for new technologies are essential for market success. When
assessing a new technology for a particular application, the suitability as well as the
co st need s to  be add re ssed . If bo th the se facto rs swing  in the favo ur of the new
technology, then there is a chance for market success.
Fuel Cells were developed prior to the internal combustion engine yet have not
proven successful in the standby generation market. This is due primarily to the
competition in conventional technologies, such as diesel engines, gas engines, gas
turbines and battery UPS systems, all of which are more mature and cost effective.
When comparing fuel cells with conventional technologies for standby energy
generation in commercial buildings, the type of system application and load is
essential.
Choosing the most appropriate technology solution for a standby generation building
such as the TRI facility in Brisbane depends upon the scale of the generation, as well
as the overall load requirements.
Fuel cells for data centre applications have an advantage over battery systems in that
for extended periods of time, the battery costs are expensive. PEMFCs are used as
standby technologies commercially, however until the cost and storage of hydrogen
as a fuel is improved, their application in larger standby systems is limited.
In the larger utility scale applications, fuel cells are not able to compete with the
more mature and inexpensive conventional standby technologies.- 59 -
Standby systems in Brisbane are infrequently used due to the reliability of the grid,
and distributed generation systems are not currently cost effective due to the cheap
cost of local electricity. It would therefore be difficult to justify the installation of a
new expensive technology such as fuel cells for purely standby applications, despite
the many benefits such as waste heat utilisation, quiet running, low emissions, high
efficiencies and flexibility of fuel sources.
There are however advances in conventional technologies that could be utilised for
this application, such as microturbines and efficient reciprocating gas engines, both
with waste heat benefits. These have many benefits over diesel engines when you
factor in the fuel source difference and environmental impacts of diesel combustion.
The environmental impact of coal and diesel combustion should be considered when
choosing a technology that will be around for many years to come. When factoring in
the potential carbon cost into net present cost (NPC) assessments, clean technologies
come out on top, even with premiums paid on today’ s capital. It is therefore vital to
look to the future of a technology, as once chosen, it is difficult to go back.
The future direction of Fuel Cells is quite bright, with many markets opening up for
various applications such as small scale electronics, communications, premium
power markets and fuel cell vehicles. They are simple quiet devices that generate low
emissions and can cover the whole power spectrum.
In the large stationary distributed generation market sector, high temperature fuel
cells can also be used in tri-generation applications. It is forecast that global fuel cell
energy generating capacity will increase to near 16,000 megawatts (MW) by 2012
from a mere 45 MW in 2002
[39]. Commercial high temperature markets are already
established in many parts of the world where the economics allow. However, this- 60 -
market is primarily in colder climates where the waste heat is better utilised without
extra capital cost, and grid connected power is more expensive & less reliable than
that in Brisbane.
At this point in time, fuel cells are not the right technology for large scale standby
applications in commercial buildings in Brisbane.- 61 -
10 References
[1]  Energex Limited, “ ENERGEX Network Management Plan –  Part A,”Energex, 2008.
Available: http://www.energex.com.au/network/pdfs/NMP_2008_09_to_2012_13.pdf.
[Accessed: October 2008].
[2]  AAP, “ Fires cause massive power cut” , Herald Sun, January 16, 2007. [online].
Available: http://www.news.com.au/heraldsun/story/0,21985,21068807-661,00.html.
[Accessed: October 2008].
[3]  The Congress of the United States Congressional Budget Office, “ Causes And Lessons
Of The California Electricity Crisis,”The Congress of the United States Congressional
Budget Office, September, 2001. [online]. Available:
http://www.cbo.gov/ftpdocs/30xx/doc3062/CaliforniaEnergy.pdf. [Accessed: October
2008].
[4]  RISE, “ Sustainable Energy for Distributed Generation,”RISE, 2006. [online]. Available:
http://www.rise.org.au/dist/. [Accessed: October 2008].
[5]  Andrews. D,  “ Wessex Water Load Management System,”Wessex Water, 2006. [online].
Available: http://www.wessexwater.co.uk/. [Accessed: October 2008].
[6]  Property Council of Australia, A Guide to Office Building Quality, Property Council of
Australia, 2006.
[7]  A. D. Little, “ Opportunities for Micropower and Fuel Cell/Gas Turbine Hybrid Systems
in Industrial Applications, Vol 1: Main Text” , 2000. [online]. Available:
http://www.eere.energy.gov/de/pdfs/micropower_opp_vol1_text.pdf. [Accessed: Aug
21, 2008].
[8]  Wikipedia Contributors, “ Diesel Engine,”  2007, Diesel Engine. [online]. Available:
http://en.wikipedia.org/wiki/Diesel_engine. [Accessed: August 2008].
[9]  Cummins Power Generation, “ Sound Data - 1290DFLE 50 Hz,”  2006. [online].
Available: www.cumminspowergeneration.com. [Accessed: November 2008].
[10]  NaturalGas.org, “ The Combustion of Methane,”NaturalGas, 2004. [online]. Available:.
http://www.naturalgas.org/overview/combust.asp. [Accessed: August 2008].
[11]  Solar Turbines, Australian Natural Gas Composition - Predicted Engine Performance
Data Sheet, Solar Turbines, 2008.
[12]  Caterpillar, Large Gas Generator Set, Caterpillar, 2008. [online]. Available:
http://www.cat.com/cda/components/securedFile/displaySecuredFileServletJSP?x=7&f
ileId=555685. [Accessed: September 2008].
[13]  Soares. C, Microturbines: Applications for Distributed Energy Systems. Butterworth-
Heinemann; 1 edition, 2007.
[14]  Wikipedia Contributors, “ Brayton Cycle,”  2008, Brayton Cycle. [online]. Available:
http://en.wikipedia.org/wiki/Brayton_cycle. [Accessed: August 2008].- 62 -
[15]  Wikipedia Contributors, “ Jet Engine,”  2008, Jet Engine. [online]. Available:
http://en.wikipedia.org/wiki/Image:Jet_engine.svg. [Accessed: August 2008].
[16]  Solar Turbines, “ Saturn 20,”  Solar Turbines, 2008. [online]. Available:
http://mysolar.cat.com/cda/layout?m=41101&x=7. [Accessed: August 2008].
[17]  Wikipedia Contributors, “ Gas Turbine,”  2008, Gas Turbine. [online]. Available:
http://en.wikipedia.org/wiki/Gas_turbine. [Accessed: October 2008].
[18]  Capstone Turbine Corporation, “ C200 MicroTurbine,”  Capstone Turbines, 2008.
[online]. Available:
http://www.capstoneturbine.com/_docs/C200%20High%20NATGAS.pdf. [Accessed:
November 2008].
[19]  Capstone Turbine Corporation, “ Microturbine Applications and Issues,”  Capstone
Turbines, 2002. [online]. Available: http://www.eere.energy.gov/de/pdfs/conf-
02_midatlantic_wkshp/duggan.pdf. [Accessed: August 2008].
[20]  Advanced Battery Care, “ Chapter 5 UPS Theory”  in A.B.C. Training Manual Issue 1,
Jan. 2002. [online]. Available:
http://www.batterycare.co.uk/techdocs/Chapter%205%20UPS%20Theory.pdf.
[Accessed: August 2008].
[21]  Smithsonian national Museum of American History, “ Fuel Cells,” , Collecting the
History of Fuel Cells, 2008. [online]. Available: http://americanhistory.si.edu/fuelcells.
[Accessed: September 2008].
[22] NASA, “ Space Shuttle,” NASA. [online]. Available:
http://www.nasa.gov/returntoflight/system/system_Orbiter.html. [Accessed: August
2008].
[23]  W. Vielstich, A. Lamm and H. A. Gasteiger, Ed., Handbook of Fuel Cells, Vol. 4.
Chichester: John Wiley, 2003.
[24]  US Department of Energy, Hydrogen, Fuel Cells & Infrastructure Technologies
Program Multi-Year Research, Development, and Demonstration Plan: Section 3.4
Fuel Cells, 2008. [online]. Available:
http://www1.eere.energy.gov/hydrogenandfuelcells/mypp/pdfs/fuel_cells.pdf.
[Accessed: September 2008].
[25]  J. Larminie and A. Dicks, Fuel Cell Systems Explained, 2
nd ed. Chichester: John Wiley,
2003, pp. 9, 84, 99.
[26]  Concurrent Technologies Corporation, Fuel cell basics, 2008. [online]. Available:
http://www.fctec.com/fctec_types_pafc.asp. [Accessed: October 2008].
[27]  National Fuel Cell Research Centre, NFCRC Tutorial: Phosphoric Acid Fuel Cell
(PAFC), 2008. [online]. Available: http://www.nfcrc.uci.edu/EnergyTutorial/pafc.html.
[Accessed: August 2008].
[28]  E. Vargas, “ Introduction to the Future's Energy: Fuel Cells” , Cheresources, 2008.
[online]. Available: http://www.cheresources.com/fuelcell.shtml. [Accessed: August
2008].- 63 -
[29]  S. C. Singhal and K. Kendal, Ed., High Temperature Solid Oxide Fuel Cells:
Fundamentals, Design and Applications. Oxford: Elsevier, 2003, pp. 25& 42.
[30]  Wikipedia Contributors, “ Solid oxide fuel cell,”  2008, Solid oxide fuel cell. [online].
Available: http://en.wikipedia.org/wiki/Image:Solid_oxide_fuel_cell.svg. [Accessed:
October 2008].
[31]  Scottish Energy Systems Group, “ Renewable Energy Information Pack For Scotland,”
Scottish Energy Systems Group, 2008. [online]. Available:
http://www.sesg.strath.ac.uk/Reasure/Info_pack/selection_tool/Technologyselection.ht
m. [Accessed: November 2008].
[32]  R. Garnaut, The Garnaut Climate Change Review: Final Report. Melbourne: Cambridge
University Press, 2008, pp. 168. [online]. Available: http://www.garnautreview.org.au/.
[Accessed: Jul, 2008].
[33]  Australian Tax Office, “ Company Tax Rates,”Australian Tax Office, 2008. [online].
Available: http://www.ato.gov.au/businesses/content.asp?doc=/content/44266.htm.
[Accessed: November 2008].
[34]  M. Gumulla, et al., Dynamic Modeling and Analysis of PEM Fuel Cells for Startup from
Subfreezing Temperatures, 2004. [online]. Available:
http://www.nt.ntnu.no/users/skoge/prost/proceedings/aiche-
2004/pdffiles/papers/023a.pdf. [Accessed: August 2008].
[35]  Siemens, “ SOFC Product Commercialization,”Siemens AG, 2007. [online]. Available:
http://www.powergeneration.siemens.com/products-solutions-services/products-
packages/fuel-cells/sofc-commercialization/. [Accessed: September 2008].
[36]  Energy Nexus Group, “ Technology Characterization: Reciprocating Engines,”
Environmental Protection Agency, 2002. [online]. Available:
http://www.epa.gov/chp/documents/internal_combustion.pdf. [Accessed: August
2008].
[37]  UTC Power Corporation, Purecell 400. [Data Sheet]. UTC Power Corporation, 2008.
[38]  MTU Detroit Diesel 1500ekW Diesel GenSet, [Data Sheet]. MTU Detroit Diesel, 2008.
[online]. Available: http://www.mtudda.com.au/. [Accessed: October 2008].
[39]  Allied Business Intelligence, “ Stationary Fuel Cells: US and Global Early Market
Opportunities,” Allied Business Intelligence, 2001. [online]. Available:
http://www.abiresearch.com/home.jsp. [Accessed: August 2008].Appendix A - Non-Financial Analysis
Murdoch University –  Division of Science and Engineering –  Energy Studies
Master of Science in Renewable Energy Dissertation
Student: George Mellick
St No: 30362431
Year: 2008
Technology Comparison for
Standby Building Applications
A1Case 1 Analysis
CRITERIA
Case 1 - 60 kW 0  Will never meet the criteria
1  Requires future technology to meet the criteria
2  Could meet the criteria with great difficulty & cost
3  Could meet the criteria with minimal effort and cost
4  Meets the criteria
5  Exceeds the criteria
Criteria TRI Criteria
Battery
UPS
Micro-
turbine PEMFC SOFC Comments
1.1 Meeting standby demand 60kW electrical 4 4 4 4
All the tehnologies are in the size range able to supply the
datacentre.
1.2 Security and quality of supply 240V AC 4 4 5 5
Fuel cells have an advantagedue to alternate source of
supply, ie, gas and hydrogen. If the system fails then the grid
is able to take up the load.
1.3 Flexible Fuel Source Any 0 4 2 5
At this stage PEMFCs are considered with H2 only, however
methanol is a possibility as a fuel source.
1.4 Architectural considerations 3m x 3m 4 4 4 4
The SOFC system is still large and cumbersome in this scale,
but there are products that can fit into the space.
http://www.ztekcorp.com/sofc_200kw.htm
1.5 Start-up times 30ms 4 0 0 0
All the backup systems require a fast transitional battery UPS
with minimal storage, unless the system is operating as
primary with grid as back-up.
1.6 Noise generation 60 dB(A) 5 1 5 5
Fuel cellls run in the 55dB(A) range. The microturbine is still
noisy for this application.
1.7 Waste heat utilisation N/A 0 4 0 4
heat for absorption cooling of the data centre, but not in this
scale.
1.8 Exhaust Emissions Limited 5 2 5 3
Localised exhaust must be dealt with from the microturbine
and the SOFC. The PEMFC generates water vapour only.
2.1 Technology Complexity
Simple system, Limited
Maintenance 3 3 4 4
Battery storage is renowned for high maintenance and
microturbines have moving parts. Fuel cells only require
maintenance for the BOP.
2.2 Technology Maturity
Commercial Product,
National product support 5 3 3 1
Battery UPS are well established, whereas SOFCs are still
under development in the market
Totals 34 29 32 35
This case analyses the scenario of the data centre critical supply being fed from a number of different
technologies.
Equipment
Total estimated running time for standby power is obtained from the local network target figures.
Case 1 - Technology Analysis
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A2Case 2 Analysis
CRITERIA
Case 2 -1000kW 0  Will never meet the criteria
1  Requires future technology to meet the criteria
2  Could meet the criteria with great difficulty & cost
3  Could meet the criteria with minimal effort and cost
4  Meets the criteria
5  Exceeds the criteria
Criteria TRI Criteria Diesel
Gas
Recip
Gas
Turbine MCFC PAFC SOFC Comments
1.1 Meeting standby demand 1,000 kW electrical 4 4 4 2 2 3
Current commercical scale of fuel cells means multiple units
must be installed to meet the load, at extra cost.
1.2 Security and quality of supply 240V AC or 11kV AC 4 4 4 3 3 3 Extra costs to install 11kV switchgear for fuel cells.
1.3 Flexible Fuel Source Natural Gas or Diesel 3 3 1 4 2 5
High temperature fuel cells are able to accept a variety of
hydrocarbon fuels.
1.4 Architectural considerations 10m x 8m footprint 4 4 5 0 0 0
The current size of fuel cells does not accommodate well
inside a building. Multiple units will need to be installed to
supply the required load, and this is not currently possible
with the TRI requirement.
1.5 Start-up times 5 minutes 5 5 4 0 0 0
High temperatures required in the fuel cells require many
hours of start up. The only way that a HT Fuel cell can be
applied is in distributed generation applications, where the
fuel cell is the primary generator.
1.6 Noise generation 80 dB(A) 2 2 1 4 4 4
A major benefits of fuel cells is their quiet operation.
Combustion technology in the 1MW range can produce
noise levels in excess of 100dB(A). Expensive attenuators
must be installed to overcome this noise.
1.7 Waste heat utilisation 1000kg steam 0 0 3 4 0 4
HT Fuel cells (& hig temp gas turbines) can produce steam,
whereas other technologies can only produce hot water.
1.8 Exhaust Emissions Limited 1 3 3 4 4 4
Gas technologies have a distinct advantage over diesel in
this regard. Fuel cells emissions are limited due to non
combustion products.
2.1 Technology Complexity
Simple system, Limited
Maintenance 3 4 5 4 4 4
As there are no moving parts in the fuel cell stacks, the BOP
for Fuel cells are the only real maintenance items. In general
the fewer moving parts the better.
2.2 Technology Maturity
Commercial Product,
National product
support 5 4 3 2 2 1
Diesel technology is the most developed, with SOFC not
currently commercially available in large numbers.
Totals 31 33 33 27 21 28
This case analyses the scenario of the building standby load being fed from a number of different technologies.
Equipment
Total estimated running time for standby power is obtained from the local network target figures.
Case 2 - Technology Analysis
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B1Equipment Data
Universal Inputs Carbon Scenario
Carbon Cost
($/tonne):
Discount Rate : 8% A $20
Federal Tax : 30% B $40
Assumed Income: $0 C $80
Carbon Cost (c/kg):                           4 D $160
Consumable Supplier c/unit Unit
Alternate
c/unit Unit
kg
CO2/u
nit Unit Assumptions / Comments Reference
Grid Electricity Origin 10 c/kWh 1.02 kWh
Even though business tariffs are approx 16c/kWh, 10c has been quoted
by the Facilitie Manager http://www.originenergy.com.au/976/Pricing
Natural Gas Origin 1.58 c/MJ 60.95 c/m3 0.0556 MJ
Queensland Gas 1-10TJ Tariffs - Effective 4 September 2008
Natural Gas conversion 38.7MJ/m3
http://www.originenergy.com.au/976/Pricing
http://www.natural-
gas.com.au/about/references.html
Diesel Any fuel supplier 140 c/litre 2.8 l Fluctuations occur daily. This is an arbitrary figure for comparison Local fuel station
Hydrogen BOC 8700 c/kg 230 c/kWh 0 kg
Estimate of $40 for a 5.44m3 G cylinder from BOC
0.084 kg/m3 therefore each cylinder has 0.46kg H2 or $87/kg
3.2kWh/m3 therefore $40 for 17.4kWh or $2.3/kWh
1 gallon [U.S.] of automotive gasoline = 131.76 megajoule BOC
Equipment Manufacturer Model Capacity kW
Capital
costs
Capital
costs $/kW Fuel
Fuel
unit
Fuel use
unit/hr
Running
costs $/h
Emissions
kgCO2/h
Carbon
costs $/h
Maintenance
costs $/yr/kW
Maintenance
costs $/yr
Lifetime
(operating) Assumptions / Comments Reference
Conventional
Grid Ergon Energy PS                         1,000 $10,000  $           10 Grid kWh          1,000  $          100           1,020 $40.80 $0 $0 80 Assume connection fee for cabling but not including switchgear etc
Diesel Generator Cummins C1400 D5                         1,120 $280,000  $          250  Diesel litres            337   $           472              944 $37.74 $5 $5,600 30
Variety of consumptions for different manufacturers. Assume 91.2gal/hr
for Cummins. Cummins, Atlas Copco
Gas Reciprocating Cummins
QSK60
Series                         1,160 $250,000  $          216  NG m3             250   $           152              538 $21.52 $4 $4,640 20
No details available from manufacturer in this range. Given 43%
efficient, therefore 2698kW NG = 9711MJ/h = 250m3/h consumption.
Technology Characterization:
Reciprocating Engines
Gas Turbine Solar Gen Sets Saturn 20                         1,200 $1,300,000  $       1,083  NG MJ        16,890   $           266              939 $37.56 $3 $3,600 20 Value for Solar turbine@25degC.
Solar Turbines
Capstone Turbines
Fuel Cell
MCFC Fuel Cell Energy DFC1500                         1,500 $6,000,000  $       4,000  NG m3             308   $           187              662 $26.47 $2 $3,000 10
From the FCE product, consumption is 181 scfm = 307.5m3/hr
Capital costs are currently very high but future projections put the
commercialised cost to 50% of current. Capital costs from Fuel Cell Handbook p1320
PAFC UTC Purecell400                            400 $1,300,000  $       3,250  NG MJ          3,794   $             60              211 $8.44 $2 $800 10
Consumption of 1,054 kW NG per 400kW unit therefore 3794MJ/hr for 3
units UTC Purecell 400
SOFC Siemens SFC-200                            125 $500,000  $       4,000  NG MJ          1,000   $             16                56 $2.22 $2 $250 10
Current electrical efficiency of  45% which means 277kW of NG =
approx 1000MJ/h. Current cost esimates are very high, but are expected
to halve with commercialisation.
Stationary fuel cell costs in 2001 $5000/kW -
fuel cell handbook p691
UPS
Battery Storage                               60 $48,000  $          800  N/A N/A                -     $              -                   - $0.00 $20 $1,200 5 Estimate for battery storage costs taken fron Rawlinsons.
US Dept of Energy H2 Program
Rawlinsons Australian Handbook 2008
UPS Min Storage MGE Galaxy 5000                               60 $35,375  $          590  Grid kWh              60   $               6                61 $2.45 $10 $600 15
MGE Galaxy 5000 80kVA UPS System 30min battery @ 16kW.
Therefore battery capacity = 8kWh. Or 8 minutes at @60kW.
Model Number: MGE5000-80kVA $40k + Expansion modules + batteries
http://www.upssolutions.com.au/product_info.
php?manufacturers_id=&products_id=2769
Microturbine UTC (capstone) 65M                               65 $32,500  $          500  NG MJ             849   $             13                47 $1.89 $10 $650 15
Capstone turbines
Capital costs estimate from [Little]
PEMFC                               60 $120,000  $       2,000  H2 kg                  4   $          376 0 $0.00 $2 $120 10
Alsthom prediction for a 250kW PEM running for 1.3hrs consumes
33kgH2 =approx 0.1kgH2/hr/kW
UTC Fuel consumption rate  0.1 g/s of H2 at 5 kW net = approx
0.072kgH2/hr/kW
Heating
Boiler [ Rawlinsons ]                            650 $97,500  $          150  NG MJ          2,753   $             43              153 $6.12 $10 $6,500 15
Use scaling factor 480kW generates 764kg/hr. Therefore assume
650kW can generate 1000kg/hr of steam.
Electric close to 100% Efficient. Assume gas 85% efficient
http://www.simonsboiler.com.au/products/stea
m_boilers/electric_steam_boilers/Electric_Ste
am_boilers_VS580.htm
Cooling
Absorbtion Cooler Broad BZHE150                         1,745 $789,000  $          452  Heat kWt          1,342   $              - 0 $0.00 $20 $34,900 20
Assume Double effect chiller with a COP of 1.3 with typical heat in =
1745/1.3 = 1342 @ 500degC Broad Absortion Chillers (ECS Australia)
Electric Chiller [ Rawlinsons ]                         1,000 $220,000  $         220 Grid kWh             200  $            20              204 $8.16 $15 $15,000 20 Assume a COP 5
B260kW Standby Load Options Net Present Cost
Capital Cost Annual Expenses NPC after 30 y Rank
OPTION A - Battery Storage & UPS $439,375 $92,755 $859,455 4
OPTION B - Microturbine & UPS $77,875 $76,631 $611,211 1
OPTION C - PEMFC & UPS $155,375 $79,099 $676,242 2
OPTION D - SOFC & Grid $270,000 $84,023 $793,466 3
Summary Of Options - Case 1
Net Present Cost
Case 1 - 60kW Standby Options
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Case 1 - Cumulative Cash Flow for 60kW Options
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B31000kW Standby Load Options Net Present Cost
Capital Cost Annual Expenses NPC after 30 y Rank
OPTION A - Diesel Generator $662,500 $2,268,637 $18,449,328 3
OPTION B - Gas Engine Tri-Generation $1,181,500 $1,988,606 $16,654,782 1
OPTION C - Gas Turbine Tri-Generation $2,129,000 $2,007,556 $17,751,616 2
OPTION D - HT Fuel Cell Tri-Generation $6,829,000 $2,951,803 $29,892,706 4
Summary Of Options - Case 2
Net Present Cost
Case 2 - 1000kW Standby Options
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B460kW Standby Load Options
$20/t CO2 $40/t CO2 $80/t CO2 $160/t CO2
OPTION A - Battery Storage & UPS $783,137 $859,455 $1,012,090 $1,317,361
OPTION B - Microturbine & UPS $534,887 $611,211 $763,860 $1,069,158
OPTION C - PEMFC & UPS $599,924 $676,242 $828,877 $1,134,148
OPTION D - SOFC & Grid $758,799 $793,466 $862,800 $1,001,469
1000kW Standby Load Options
$20/t CO2 $40/t CO2 $80/t CO2 $160/t CO2
OPTION A - Diesel Generator $14,951,601 $18,449,328 $25,444,781 $39,435,688
OPTION B - Gas Engine Tri-Generation $14,751,355 $16,654,782 $20,461,636 $28,075,344
OPTION C - Gas Turbine Tri-Generation $15,848,189 $17,751,616 $21,558,470 $29,172,178
OPTION D - HT Fuel Cell Tri-Generation $28,070,229 $29,892,706 $33,537,660 $40,827,569
Sensitivity of NPC to Carbon Cost
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OPTION A - Diesel Generator OPTION B - Gas Engine Tri-Generation
OPTION C - Gas Turbine Tri-Generation OPTION D - HT Fuel Cell Tri-Generation
B5Case 1 Data
Description
Load Type Primary Power Standby Power
Load (kW) 60 60
Hours per day 24
Days per week 7
Running Hours per year 8732 4
Energy consumption (MWh/yr) 524 0.24
Backup time required (h) 8
Option A
Equipment UPS Min Storage Battery Storage
Capital costs
Main Equipment costs  $                      35,375  $                   384,000  $   419,375
Ancillary Equip costs  $                              -  $                     20,000  $     20,000
 Subtotal  $   439,375
Annual costs
Operational costs $/hr  $                               6  $                            -  $              6
Operational costs $/yr  $                      52,392  $                            -  $     52,392
Maintenance costs $/yr  $                           600  $                       9,600  $     10,200
Carbon Tax Cost $/yr  $                      21,376  $                            -  $     21,376
Depreciation $/yr  $                        2,358  $                     76,800  $     79,158
 Subtotal  $   163,132
Option B
Equipment UPS Min Storage Microturbine
Capital costs
Main Equipment costs  $                      35,375  $                     32,500  $     67,875
Ancillary Equip costs  $                              -  $                     10,000  $     10,000
 Subtotal  $     77,875
Annual costs
Operational costs $/hr  $                               6  $                            13  $            19
Operational costs $/yr  $                      52,392  $                            53  $     52,445
Maintenance costs $/yr  $                           600  $                          650  $       1,250
Carbon Tax Cost $/yr  $                      21,376  $                              2  $     21,378
Depreciation $/yr  $                        2,358  $                       2,167  $       4,525
 Subtotal  $     79,618
Option C
Equipment UPS Min Storage PEMFC
Capital costs
Main Equipment costs  $                      35,375  $                   120,000  $   155,375
Ancillary Equip costs  $                              -  $                            -  $             -
 Subtotal  $   155,375
Annual costs
Operational costs $/hr  $                               6  $                          376  $          382
Operational costs $/yr  $                      52,392  $                       1,503  $     53,895
Maintenance costs $/yr  $                           600  $                          120  $          720
Carbon Tax Cost $/yr  $                      21,376  $                            -  $     21,376
Depreciation $/yr  $                        2,358  $                     12,000  $     14,358
 Subtotal  $     90,731
Option D
Equipment SOFC Grid
Capital costs
Main Equipment costs  $                    250,000  $                     10,000  $   260,000
Ancillary Equip costs  $                      10,000  $                            -  $     10,000
 Subtotal  $   270,000
Annual costs
Operational costs $/hr  $                               8  $                              6  $            14
Operational costs $/yr  $                      68,765  $                            24  $     68,789
Maintenance costs $/yr  $                           125  $          125
Carbon Tax Cost $/yr  $                        9,710  $       9,710
Depreciation $/yr 25,000 $  $     25,000
 Subtotal  $   103,637
System using a PEM Fuel Cell for suppying the UPS
System using High Temperature fuel cell to supply the UPS
Conventional system using a Battery storage UPS for the Data Centre.
This case models the scenario of the data centre critical supply being fed from a
number of different technologies. A reasonable backup system is able to supply
continuous power to the data centre for 8 hours.
Annual estimated running time for standby power is calculated using the local
network target figures of 134 minutes and 1.54 occurrances per annum.
System using a microturbine running on NG for UPS supply
B6Case 1
OPTION A - Battery Storage & UPS
Capital Cost cost ($) Renewal cost (p.a.) $/yr
UPS Min Storage $35,375
Battery Storage $384,000 Renewal cost remains constant at : $79,158
(Capital spread over the life of the equipment)
Ancillaries Total $20,000
Total : $439,375
Taxation (p.a.)
Federal Income Tax 30%
Operating Cost $/yr
Operating $52,392
Maintenance $10,200 Period of study : 30 years
Carbon Tax $21,376
Taxes & Insurance 2% $8,788 Discount Rate : 8%
Total $92,755
After Tax Analysis of Alternative D
End of Income Expenditure Before  Tax Depreciation  Taxable Cash Flow After Tax Discount Discounted Cumulative
Year k Cash Flow Deduction Income Income Taxes Cash Flow Factor After Tax Cash
Cash Flow Flow
(a) (b) (A)= (a) - (b) (B) (C)=(A)-(B) D=-t(C) (E)=(A)+(D) 1/(1+i)
k (F)=df*(E)
$ $ $ $ $ $ $ $ $
0 0 -439,375 -439,375 0 -439,375 0 -439,375 1.0000 -439,375 -439,375
1 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.9259 -38,131 -477,506
2 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.8573 -35,306 -512,812
3 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.7938 -32,691 -545,503
4 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.7350 -30,269 -575,773
5 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.6806 -28,027 -603,800
6 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.6302 -25,951 -629,751
7 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.5835 -24,029 -653,780
8 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.5403 -22,249 -676,029
9 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.5002 -20,601 -696,630
10 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.4632 -19,075 -715,705
11 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.4289 -17,662 -733,367
12 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.3971 -16,354 -749,721
13 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.3677 -15,142 -764,863
14 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.3405 -14,021 -778,883
15 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.3152 -12,982 -791,866
16 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.2919 -12,020 -803,886
17 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.2703 -11,130 -815,016
18 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.2502 -10,306 -825,322
19 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.2317 -9,542 -834,864
20 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.2145 -8,835 -843,699
21 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.1987 -8,181 -851,880
22 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.1839 -7,575 -859,455
23 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.1703 -7,014 -866,469
24 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.1577 -6,494 -872,963
25 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.1460 -6,013 -878,976
26 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.1352 -5,568 -884,544
27 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.1252 -5,155 -889,699
28 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.1159 -4,773 -894,473
29 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.1073 -4,420 -898,893
30 0 -92,755 -92,755 79,158 -171,914 51,574 -41,181 0.0994 -4,092 -902,985
NPV = -902,985
B7Case 1
OPTION B - Microturbine & UPS
Capital Cost cost ($) Renewal cost (p.a.) $/yr
UPS Min Storage $35,375
Microturbine $32,500 Renewal cost remains constant at : $4,525
(Capital spread over the life of the equipment)
Ancillaries Total $10,000
Total : $77,875
Taxation (p.a.)
Federal Income Tax 30%
Operating Cost $/yr
Operating $52,445
Maintenance $1,250 Period of study : 30 years
Carbon Tax $21,378
Taxes & Insurance 2% $1,558 Discount Rate : 8%
Total $76,631
After Tax Analysis of Alternative D
End of Income Expenditure Before  Tax Depreciation  Taxable Cash Flow After Tax Discount Discounted Cumulative
Year k Cash Flow Deduction Income Income Taxes Cash Flow Factor After Tax Cash
Cash Flow Flow
(a) (b) (A)= (a) - (b) (B) (C)=(A)-(B) D=-t(C) (E)=(A)+(D) 1/(1+i)
k (F)=df*(E)
$ $ $ $ $ $ $ $ $
0 0 -77,875 -77,875 0 -77,875 0 -77,875 1.0000 -77,875 -77,875
1 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.9259 -48,411 -126,286
2 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.8573 -44,825 -171,111
3 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.7938 -41,505 -212,616
4 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.7350 -38,430 -251,046
5 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.6806 -35,584 -286,630
6 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.6302 -32,948 -319,578
7 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.5835 -30,507 -350,085
8 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.5403 -28,247 -378,333
9 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.5002 -26,155 -404,488
10 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.4632 -24,218 -428,705
11 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.4289 -22,424 -451,129
12 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.3971 -20,763 -471,892
13 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.3677 -19,225 -491,117
14 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.3405 -17,801 -508,917
15 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.3152 -16,482 -525,399
16 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.2919 -15,261 -540,661
17 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.2703 -14,131 -554,791
18 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.2502 -13,084 -567,875
19 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.2317 -12,115 -579,990
20 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.2145 -11,217 -591,208
21 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.1987 -10,387 -601,594
22 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.1839 -9,617 -611,211
23 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.1703 -8,905 -620,116
24 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.1577 -8,245 -628,361
25 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.1460 -7,634 -635,996
26 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.1352 -7,069 -643,065
27 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.1252 -6,545 -649,610
28 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.1159 -6,060 -655,670
29 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.1073 -5,612 -661,282
30 0 -76,631 -76,631 4,525 -81,156 24,347 -52,284 0.0994 -5,196 -666,478
NPV = -666,478
B8Case 1
OPTION C - PEMFC & UPS
Capital Cost cost ($) Renewal cost (p.a.) $/yr
UPS Min Storage $35,375
PEMFC $120,000 Renewal cost remains constant at : $14,358
(Capital spread over the life of the equipment)
Ancillaries Total $0
Total : $155,375
Taxation (p.a.)
Federal Income Tax 30%
Operating Cost $/yr
Operating $53,895
Maintenance $720 Period of study : 30 years
Carbon Tax $21,376
Taxes & Insurance 2% $3,108 Discount Rate : 8%
Total $79,099
After Tax Analysis of Alternative D
End of Income Expenditure Before  Tax Depreciation  Taxable Cash Flow After Tax Discount Discounted Cumulative
Year k Cash Flow Deduction Income Income Taxes Cash Flow Factor After Tax Cash
Cash Flow Flow
(a) (b) (A)= (a) - (b) (B) (C)=(A)-(B) D=-t(C) (E)=(A)+(D) 1/(1+i)
k (F)=df*(E)
$ $ $ $ $ $ $ $ $
0 0 -155,375 -155,375 0 -155,375 0 -155,375 1.0000 -155,375 -155,375
1 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.9259 -47,279 -202,654
2 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.8573 -43,777 -246,431
3 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.7938 -40,534 -286,966
4 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.7350 -37,532 -324,498
5 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.6806 -34,752 -359,249
6 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.6302 -32,178 -391,427
7 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.5835 -29,794 -421,221
8 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.5403 -27,587 -448,808
9 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.5002 -25,544 -474,351
10 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.4632 -23,651 -498,003
11 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.4289 -21,899 -519,902
12 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.3971 -20,277 -540,180
13 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.3677 -18,775 -558,955
14 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.3405 -17,385 -576,339
15 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.3152 -16,097 -592,436
16 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.2919 -14,904 -607,341
17 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.2703 -13,800 -621,141
18 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.2502 -12,778 -633,919
19 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.2317 -11,832 -645,751
20 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.2145 -10,955 -656,706
21 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.1987 -10,144 -666,850
22 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.1839 -9,392 -676,242
23 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.1703 -8,697 -684,938
24 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.1577 -8,052 -692,991
25 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.1460 -7,456 -700,447
26 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.1352 -6,904 -707,350
27 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.1252 -6,392 -713,743
28 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.1159 -5,919 -719,661
29 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.1073 -5,480 -725,142
30 0 -79,099 -79,099 14,358 -93,457 28,037 -51,062 0.0994 -5,074 -730,216
NPV = -730,216
B9Case 1
OPTION D - SOFC & Grid
Capital Cost cost ($) Renewal cost (p.a.) $/yr
UPS Min Storage $250,000
Battery Storage $10,000 Renewal cost remains constant at : $25,000
(Capital spread over the life of the equipment)
Ancillaries Total $10,000
Total : $270,000
Taxation (p.a.)
Federal Income Tax 30%
Operating Cost $/yr
Operating $68,789
Maintenance $125 Period of study : 30 years
Carbon Tax $9,710
Taxes & Insurance 2% $5,400 Discount Rate : 8%
Total $84,023
After Tax Analysis of Alternative D
End of Income Expenditure Before  Tax Depreciation  Taxable Cash Flow After Tax Discount Discounted Cumulative
Year k Cash Flow Deduction Income Income Taxes Cash Flow Factor After Tax Cash
Cash Flow Flow
(a) (b) (A)= (a) - (b) (B) (C)=(A)-(B) D=-t(C) (E)=(A)+(D) 1/(1+i)
k (F)=df*(E)
$ $ $ $ $ $ $ $ $
0 0 -270,000 -270,000 0 -270,000 0 -270,000 1.0000 -270,000 -270,000
1 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.9259 -47,515 -317,515
2 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.8573 -43,996 -361,511
3 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.7938 -40,737 -402,247
4 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.7350 -37,719 -439,967
5 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.6806 -34,925 -474,892
6 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.6302 -32,338 -507,230
7 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.5835 -29,943 -537,172
8 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.5403 -27,725 -564,897
9 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.5002 -25,671 -590,568
10 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.4632 -23,769 -614,337
11 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.4289 -22,009 -636,346
12 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.3971 -20,378 -656,725
13 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.3677 -18,869 -675,594
14 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.3405 -17,471 -693,065
15 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.3152 -16,177 -709,242
16 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.2919 -14,979 -724,221
17 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.2703 -13,869 -738,090
18 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.2502 -12,842 -750,932
19 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.2317 -11,891 -762,823
20 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.2145 -11,010 -773,832
21 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.1987 -10,194 -784,027
22 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.1839 -9,439 -793,466
23 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.1703 -8,740 -802,206
24 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.1577 -8,093 -810,298
25 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.1460 -7,493 -817,791
26 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.1352 -6,938 -824,730
27 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.1252 -6,424 -831,154
28 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.1159 -5,948 -837,102
29 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.1073 -5,508 -842,610
30 0 -84,023 -84,023 25,000 -109,023 32,707 -51,316 0.0994 -5,100 -847,709
NPV = -847,709
B10Case 1 Cash Flow Analysis
Year
Option A Option B Option C Option D
0 439 -$ 78 -$ 155 -$ 270 -$
1 478 -$ 126 -$ 203 -$ 318 -$
2 513 -$ 171 -$ 246 -$ 362 -$
3 546 -$ 213 -$ 287 -$ 402 -$
4 576 -$ 251 -$ 324 -$ 440 -$
5 604 -$ 287 -$ 359 -$ 475 -$
6 630 -$ 320 -$ 391 -$ 507 -$
7 654 -$ 350 -$ 421 -$ 537 -$
8 676 -$ 378 -$ 449 -$ 565 -$
9 697 -$ 404 -$ 474 -$ 591 -$
10 716 -$ 429 -$ 498 -$ 614 -$
11 733 -$ 451 -$ 520 -$ 636 -$
12 750 -$ 472 -$ 540 -$ 657 -$
13 765 -$ 491 -$ 559 -$ 676 -$
14 779 -$ 509 -$ 576 -$ 693 -$
15 792 -$ 525 -$ 592 -$ 709 -$
16 804 -$ 541 -$ 607 -$ 724 -$
17 815 -$ 555 -$ 621 -$ 738 -$
18 825 -$ 568 -$ 634 -$ 751 -$
19 835 -$ 580 -$ 646 -$ 763 -$
20 844 -$ 591 -$ 657 -$ 774 -$
21 852 -$ 602 -$ 667 -$ 784 -$
22 859 -$ 611 -$ 676 -$ 793 -$
23 866 -$ 620 -$ 685 -$ 802 -$
24 873 -$ 628 -$ 693 -$ 810 -$
25 879 -$ 636 -$ 700 -$ 818 -$
26 885 -$ 643 -$ 707 -$ 825 -$
27 890 -$ 650 -$ 714 -$ 831 -$
28 894 -$ 656 -$ 720 -$ 837 -$
29 899 -$ 661 -$ 725 -$ 843 -$
30 903 -$ 666 -$ 730 -$ 848 -$
NPV = 903 -$ 666 -$ 730 -$ 848 -$
ALTERNATIVES $1,000s
After Tax Cash Flow - 30 Years
B11Case 2 Data
Description
Load Type Primary Power Standby Power Steam Cooling
Load (kW) 1000 1000 650 1500
Hours per day 24 24 16
Days per week 7 7 5
Running Hours per year 8732 4 8736 4160
Energy consumption (MWh/yr) 8732 4 5678 6240
Option A Totals
Equipment Grid Diesel Generator Steam Boiler Electric Chiller
Capital costs
Main Equipment costs  $               10,000  $             280,000  $               97,500  $               220,000  $   607,500
Ancilliary Equip costs  $                      -  $               50,000  $                 5,000  $                        -  $     55,000
 Subtotal  $   662,500
Annual costs
Operational costs $/hr  $                    100  $                    472  $                      43  $                       20  $          635
Operational costs $/yr  $             873,200  $                 1,887  $             246,209  $               124,800  $ 1,246,096
Maintenance costs $/yr  $                      -  $                 5,600  $                 6,500  $                 34,900  $     47,000
Carbon Tax Cost $/yr $/yr  $             356,266  $                    151  $               53,487  $                 33,946  $   443,849
Depreciation $/yr  $                    125  $                 9,333  $                 6,500  $                 11,000  $     26,958
 Subtotal  $ 1,764,538
Option B
Equipment Gas Reciprocating Grid Steam Boiler Absorbtion Chiller
Capital costs
Main Equipment costs  $             250,000  $               10,000  $               97,500  $               789,000  $ 1,146,500
Ancilliary Equip costs  $               20,000  $                      -  $                 5,000  $                 10,000  $     35,000
 Subtotal  $ 1,181,500
Annual costs
Operational costs $/hr  $                    152  $                    100  $                      -  $                        -  $          252
Operational costs $/yr  $          1,330,593  $                    400  $                      -  $                        -  $ 1,330,993
Maintenance costs $/yr  $                 4,640  $                      -  $                 6,500  $                 34,900  $     46,040
Carbon Tax Cost $/yr  $             187,888  $                    163  $               53,487  $                        -  $   241,538
Depreciation $/yr  $               12,500  $                    125  $                 6,500  $                 39,450  $     58,575
 Subtotal  $ 1,677,398
Option C
Equipment Gas Turbine Grid Heat Exchanger Absorbtion Chiller
Capital costs
Main Equipment costs  $          1,300,000  $               10,000  $                      -  $               789,000  $ 2,099,000
Ancilliary Equip costs  $               10,000  $                      -  $               10,000  $                 10,000  $     30,000
 Subtotal  $ 2,129,000
Annual costs
Operational costs $/hr  $                    266  $                    100  $                      -  $                        -  $          366
Operational costs $/yr  $          2,322,865  $                    400  $                      -  $                        -  $ 2,323,265
Maintenance costs $/yr  $                 3,600  $                      -  $                      -  $                 34,900  $     38,500
Carbon Tax Cost $/yr  $             328,003  $                    163  $                      -  $                        -  $   328,166
Depreciation $/yr  $               65,000  $                    125  $                      -  $                 39,450  $   104,575
 Subtotal  $ 2,794,872
Option D
Equipment MCFC Grid Heat Exchanger Absorbtion Chiller
Capital costs
Main Equipment costs  $          6,000,000  $               10,000  $                      -  $               789,000  $ 6,799,000
Ancilliary Equip costs  $               10,000  $                      -  $               10,000  $                 10,000  $     30,000
 Subtotal  $ 6,829,000
Annual costs
Operational costs $/hr  $                    187  $                    100  $                      -  $                        -  $          287
Operational costs $/yr  $          1,636,629  $                    400  $                      -  $                        -  $ 1,637,029
Maintenance costs $/yr  $                 3,000  $                      -  $                      -  $                 34,900  $     37,900
Carbon Tax Cost $/yr  $             231,102  $                    163  $                      -  $                        -  $   231,266
Depreciation $/yr  $             600,000  $                    125  $                      -  $                 39,450  $   639,575
 Subtotal  $ 2,546,058
System using High Temperature fuel cell to supply the load of 1000kW with cogeneration for the steam load and
absorbtion cooling (CHPC System)
This case models the scenario of the building main loads requiring standby power. Due to the
nature of the facility, a large standby generation source is required.
Conventional system using grid connected power connected to the load with a standby diesel generator for electrical
power. The steam load is supplied by the gas fired boiler and cooling load supplied by a proportion of the building's
chiller plant.
System using grid connected power connected to the load with a gas reciprocating engine used to drive the
Absorbtion cooler. Waste heat is not satisafctory for steam. The steam load is supplied by the gas fired boiler and
cooling load supplied by the absorbtion chiller with waste heat from the engine.
System using gas turbine to supply the load of 1000kW with cogeneration for the steam load and absorbtion cooling
(CHPC System).
Total estimated standby time is calculated using the local network estimation figures of 134 minutes and 1.54
occurrances per annum.
B12OPTION A - Diesel Generator
Capital Cost cost ($) Renewal cost (p.a.) $/yr
Grid $10,000
Diesel Generator $280,000 Renewal cost remains constant at : $26,958
Steam Boiler $97,500 (Capital spread over the life of the equipment)
Electric Chiller $220,000
Ancillaries Total $55,000
Total : $662,500
Taxation (p.a.)
Federal Income Tax 30%
Operating Cost $/yr
Operating $1,764,538
Maintenance $47,000 Period of study : 30 years
Carbon Tax $443,849
Taxes & Insurance 2% $13,250 Discount Rate : 8%
Total $2,268,637
After Tax Analysis of Alternative D
End of Income Expenditure Before  Tax Depreciation  Taxable Cash Flow After Tax Discount Discounted Cumulative
Year k Cash Flow Deduction Income Income Taxes Cash Flow Factor After Tax Cash
Cash Flow Flow
(a) (b) (A)= (a) - (b) (B) (C)=(A)-(B) D=-t(C) (E)=(A)+(D) 1/(1+i)
k (F)=df*(E)
$ $ $ $ $ $ $ $ $
0 0 -662,500 -662,500 0 -662,500 0 -662,500 1.0000 -662,500 -662,500
1 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.9259 -1,462,924 -2,125,424
2 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.8573 -1,354,560 -3,479,984
3 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.7938 -1,254,222 -4,734,206
4 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.7350 -1,161,317 -5,895,522
5 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.6806 -1,075,293 -6,970,815
6 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.6302 -995,642 -7,966,457
7 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.5835 -921,890 -8,888,347
8 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.5403 -853,602 -9,741,950
9 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.5002 -790,372 -10,532,322
10 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.4632 -731,826 -11,264,149
11 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.4289 -677,617 -11,941,766
12 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.3971 -627,423 -12,569,189
13 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.3677 -580,947 -13,150,136
14 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.3405 -537,914 -13,688,050
15 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.3152 -498,069 -14,186,119
16 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.2919 -461,175 -14,647,294
17 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.2703 -427,014 -15,074,308
18 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.2502 -395,383 -15,469,691
19 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.2317 -366,095 -15,835,786
20 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.2145 -338,977 -16,174,763
21 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.1987 -313,868 -16,488,631
22 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.1839 -290,618 -16,779,249
23 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.1703 -269,091 -17,048,340
24 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.1577 -249,158 -17,297,499
25 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.1460 -230,702 -17,528,201
26 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.1352 -213,613 -17,741,814
27 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.1252 -197,790 -17,939,604
28 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.1159 -183,139 -18,122,743
29 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.1073 -169,573 -18,292,316
30 0 -2,268,637 -2,268,637 26,958 -2,295,595 688,679 -1,579,958 0.0994 -157,012 -18,449,328
NPV = -18,449,328
B13OPTION B - Gas Engine Tri-Generation
Capital Cost cost ($) Renewal cost (p.a.) $/yr
Gas Reciprocating $250,000
Grid $10,000 Renewal cost remains constant at : $58,575
Steam Boiler $97,500 (Capital spread over the life of the equipment)
Absorbtion Chiller $789,000
Ancillaries Total $35,000
Total : $1,181,500
Taxation (p.a.)
Federal Income Tax 30%
Operating Cost $/yr
Operating $1,677,398
Maintenance $46,040 Period of study : 30 years
Carbon Tax $241,538
Taxes & Insurance 2% $23,630 Discount Rate : 8%
Total $1,988,606
After Tax Analysis of Alternative D
End of Income Expenditure Before  Tax Depreciation  Taxable Cash Flow After Tax Discount Discounted Cumulative
Year k Cash Flow Deduction Income Income Taxes Cash Flow Factor After Tax Cash
Cash Flow Flow
(a) (b) (A)= (a) - (b) (B) (C)=(A)-(B) D=-t(C) (E)=(A)+(D) 1/(1+i)
k (F)=df*(E)
$ $ $ $ $ $ $ $ $
0 0 -1,181,500 -1,181,500 0 -1,181,500 0 -1,181,500 1.0000 -1,181,500 -1,181,500
1 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.9259 -1,272,641 -2,454,141
2 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.8573 -1,178,371 -3,632,512
3 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.7938 -1,091,084 -4,723,596
4 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.7350 -1,010,263 -5,733,859
5 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.6806 -935,429 -6,669,288
6 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.6302 -866,138 -7,535,426
7 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.5835 -801,979 -8,337,405
8 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.5403 -742,574 -9,079,979
9 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.5002 -687,568 -9,767,547
10 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.4632 -636,637 -10,404,184
11 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.4289 -589,479 -10,993,663
12 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.3971 -545,814 -11,539,477
13 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.3677 -505,383 -12,044,860
14 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.3405 -467,947 -12,512,807
15 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.3152 -433,285 -12,946,092
16 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.2919 -401,189 -13,347,281
17 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.2703 -371,472 -13,718,753
18 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.2502 -343,955 -14,062,708
19 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.2317 -318,477 -14,381,185
20 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.2145 -294,886 -14,676,071
21 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.1987 -273,043 -14,949,114
22 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.1839 -252,817 -15,201,931
23 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.1703 -234,090 -15,436,022
24 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.1577 -216,750 -15,652,772
25 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.1460 -200,695 -15,853,466
26 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.1352 -185,828 -16,039,295
27 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.1252 -172,063 -16,211,358
28 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.1159 -159,318 -16,370,676
29 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.1073 -147,517 -16,518,192
30 0 -1,988,606 -1,988,606 58,575 -2,047,181 614,154 -1,374,452 0.0994 -136,589 -16,654,782
NPV = -16,654,782
B14OPTION C - Gas Turbine Tri-Generation
Capital Cost cost ($) Renewal cost (p.a.) $/yr
Gas Turbine $1,300,000
Grid $10,000 Renewal cost remains constant at : $58,575
Heat Exchanger $0 (Capital spread over the life of the equipment)
Absorbtion Chiller $789,000
Ancillaries Total $30,000
Total : $2,129,000
Taxation (p.a.)
Federal Income Tax 30%
Operating Cost $/yr
Operating $1,677,398
Maintenance $46,040 Period of study : 30 years
Carbon Tax $241,538
Taxes & Insurance 2% $42,580 Discount Rate : 8%
Total $2,007,556
After Tax Analysis of Alternative D
End of Income Expenditure Before  Tax Depreciation  Taxable Cash Flow After Tax Discount Discounted Cumulative
Year k Cash Flow Deduction Income Income Taxes Cash Flow Factor After Tax Cash
Cash Flow Flow
(a) (b) (A)= (a) - (b) (B) (C)=(A)-(B) D=-t(C) (E)=(A)+(D) 1/(1+i)
k (F)=df*(E)
$ $ $ $ $ $ $ $ $
0 0 -2,129,000 -2,129,000 0 -2,129,000 0 -2,129,000 1.0000 -2,129,000 -2,129,000
1 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.9259 -1,284,923 -3,413,923
2 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.8573 -1,189,744 -4,603,667
3 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.7938 -1,101,614 -5,705,281
4 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.7350 -1,020,013 -6,725,294
5 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.6806 -944,457 -7,669,751
6 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.6302 -874,497 -8,544,248
7 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.5835 -809,719 -9,353,968
8 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.5403 -749,740 -10,103,708
9 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.5002 -694,204 -10,797,912
10 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.4632 -642,781 -11,440,693
11 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.4289 -595,168 -12,035,861
12 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.3971 -551,081 -12,586,943
13 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.3677 -510,261 -13,097,203
14 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.3405 -472,464 -13,569,667
15 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.3152 -437,466 -14,007,133
16 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.2919 -405,061 -14,412,195
17 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.2703 -375,057 -14,787,251
18 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.2502 -347,275 -15,134,526
19 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.2317 -321,551 -15,456,077
20 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.2145 -297,732 -15,753,809
21 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.1987 -275,678 -16,029,487
22 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.1839 -255,257 -16,284,744
23 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.1703 -236,349 -16,521,094
24 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.1577 -218,842 -16,739,936
25 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.1460 -202,632 -16,942,567
26 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.1352 -187,622 -17,130,189
27 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.1252 -173,724 -17,303,913
28 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.1159 -160,855 -17,464,768
29 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.1073 -148,940 -17,613,709
30 0 -2,007,556 -2,007,556 58,575 -2,066,131 619,839 -1,387,717 0.0994 -137,908 -17,751,616
NPV = -17,751,616
B15OPTION D - HT Fuel Cell Tri-Generation
Capital Cost cost ($) Renewal cost (p.a.) $/yr
MCFC $6,000,000
Grid $10,000 Renewal cost remains constant at : $58,575
Heat Exchanger $0 (Capital spread over the life of the equipment)
Absorbtion Chiller $789,000
Ancillaries Total $30,000
Total : $6,829,000
Taxation (p.a.)
Federal Income Tax 30%
Operating Cost $/yr
Operating $2,546,058
Maintenance $37,900 Period of study : 30 years
Carbon Tax $231,266
Taxes & Insurance 2% $136,580 Discount Rate : 8%
Total $2,951,803
After Tax Analysis of Alternative D
End of Income Expenditure Before  Tax Depreciation  Taxable Cash Flow After Tax Discount Discounted Cumulative
Year k Cash Flow Deduction Income Income Taxes Cash Flow Factor After Tax Cash
Cash Flow Flow
(a) (b) (A)= (a) - (b) (B) (C)=(A)-(B) D=-t(C) (E)=(A)+(D) 1/(1+i)
k (F)=df*(E)
$ $ $ $ $ $ $ $ $
0 0 -6,829,000 -6,829,000 0 -6,829,000 0 -6,829,000 1.0000 -6,829,000 -6,829,000
1 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.9259 -1,896,935 -8,725,935
2 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.8573 -1,756,421 -10,482,356
3 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.7938 -1,626,316 -12,108,672
4 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.7350 -1,505,848 -13,614,520
5 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.6806 -1,394,304 -15,008,824
6 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.6302 -1,291,022 -16,299,846
7 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.5835 -1,195,391 -17,495,237
8 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.5403 -1,106,843 -18,602,080
9 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.5002 -1,024,855 -19,626,935
10 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.4632 -948,940 -20,575,875
11 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.4289 -878,648 -21,454,523
12 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.3971 -813,563 -22,268,086
13 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.3677 -753,299 -23,021,385
14 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.3405 -697,499 -23,718,884
15 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.3152 -645,832 -24,364,717
16 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.2919 -597,993 -24,962,710
17 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.2703 -553,697 -25,516,407
18 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.2502 -512,683 -26,029,089
19 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.2317 -474,706 -26,503,796
20 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.2145 -439,543 -26,943,338
21 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.1987 -406,984 -27,350,322
22 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.1839 -376,837 -27,727,159
23 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.1703 -348,923 -28,076,082
24 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.1577 -323,077 -28,399,160
25 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.1460 -299,145 -28,698,305
26 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.1352 -276,986 -28,975,291
27 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.1252 -256,469 -29,231,760
28 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.1159 -237,471 -29,469,232
29 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.1073 -219,881 -29,689,112
30 0 -2,951,803 -2,951,803 58,575 -3,010,378 903,113 -2,048,690 0.0994 -203,593 -29,892,706
NPV = -29,892,706
B16Case 2 Cash Flow Analysis
Year
Option A Option B Option C Option D
0 663 -$ 1,182 -$ 2,129 -$ 6,829 -$
1 2,125 -$ 2,454 -$ 3,414 -$ 8,726 -$
2 3,480 -$ 3,633 -$ 4,604 -$ 10,482 -$
3 4,734 -$ 4,724 -$ 5,705 -$ 12,109 -$
4 5,896 -$ 5,734 -$ 6,725 -$ 13,615 -$
5 6,971 -$ 6,669 -$ 7,670 -$ 15,009 -$
6 7,966 -$ 7,535 -$ 8,544 -$ 16,300 -$
7 8,888 -$ 8,337 -$ 9,354 -$ 17,495 -$
8 9,742 -$ 9,080 -$ 10,104 -$ 18,602 -$
9 10,532 -$ 9,768 -$ 10,798 -$ 19,627 -$
10 11,264 -$ 10,404 -$ 11,441 -$ 20,576 -$
11 11,942 -$ 10,994 -$ 12,036 -$ 21,455 -$
12 12,569 -$ 11,539 -$ 12,587 -$ 22,268 -$
13 13,150 -$ 12,045 -$ 13,097 -$ 23,021 -$
14 13,688 -$ 12,513 -$ 13,570 -$ 23,719 -$
15 14,186 -$ 12,946 -$ 14,007 -$ 24,365 -$
16 14,647 -$ 13,347 -$ 14,412 -$ 24,963 -$
17 15,074 -$ 13,719 -$ 14,787 -$ 25,516 -$
18 15,470 -$ 14,063 -$ 15,135 -$ 26,029 -$
19 15,836 -$ 14,381 -$ 15,456 -$ 26,504 -$
20 16,175 -$ 14,676 -$ 15,754 -$ 26,943 -$
21 16,489 -$ 14,949 -$ 16,029 -$ 27,350 -$
22 16,779 -$ 15,202 -$ 16,285 -$ 27,727 -$
23 17,048 -$ 15,436 -$ 16,521 -$ 28,076 -$
24 17,297 -$ 15,653 -$ 16,740 -$ 28,399 -$
25 17,528 -$ 15,853 -$ 16,943 -$ 28,698 -$
26 17,742 -$ 16,039 -$ 17,130 -$ 28,975 -$
27 17,940 -$ 16,211 -$ 17,304 -$ 29,232 -$
28 18,123 -$ 16,371 -$ 17,465 -$ 29,469 -$
29 18,292 -$ 16,518 -$ 17,614 -$ 29,689 -$
30 18,449 -$ 16,655 -$ 17,752 -$ 29,893 -$
NPV = 18,449 -$ 16,655 -$ 17,752 -$ 29,893 -$
ALTERNATIVES $1,000s
After Tax Cash Flow - 30 Years
B17